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1.  SUMMARY 


The  development  and  testing  described  in  this  report  in- 
dicate the  importance  of  a multiple-technique  approach  to  the 
evaluation  of  diffusion  bonded  titanium  alloy  structures.  The 
types  of  deficiencies  revealed  by  the  diffusion  bonding  survey 
are  sufficiently  different  in  character  that  no  one  technique 
is  adequate. 

Alpha  case  surfaces  and  emergent  oxygen-rich  bond  planes 
were  readily  detected  by  the  blue  etch-anodize  process. 
Fluorescent  penetrant  was  effective  only  for  detection  of  low 
deformation  diffusion  bonds  resulting  in  surface-connected 
porosity.  Optimized  Delta/C-scan  proved  capable  of  detecting 
0.010-in.  voids  and  inclusions  in  thin  (1  in.)  sections. 


Feasibility  of  utilizing  acoustic  emission  monitoring  to  | 

detect  flaws  before  failure  and  even  yielding  was  shown.  | 

Ultrasonic  attenuation  was  shown  to  i.ncrease  measurably  with  j 

grain  size  and  especially  the  degree  of  beta  processing.  ] 

Signal-averaged  pulse-echo  measurements  were  related  to 
tensile  and  fatigue  properties  by  normalizing  defect  signal  :j 

amplitudes  by  the  arithmetic  average  (AA)  of  the  corresponding  j 

grain  noise  waveforms.  Reduction  in  area  of  tensile  specimen  \ 

decreased  as  the  defect  amplitude/AA  ratio  increased.  Fatigue  | 

properties  were  poor  for  defect  amplitudc/AA  ratios  greater 

than  30.  Large  standard  deviations  in  cycles  to  failure  vs.  ] 

defect  amplitude  ratios  less  than  30  lessoned  the  correlation  } 

of  fatigue  life  in  that  range.  j 

1 

The  AFML  Computer-Automated  Ultrasonic  Inspection  System  \ 

was  shown  to  operate  efficiently  in  the  variable- tilt/multiple-  J 

scan  mode  used  to  inspect  a large  diffusion  bonded  titanium 
structure.  Correlation  of  the  variable  tilt,  Delta/C-scan  and 
contact  pulse-echo  inspection  results  was  used  to  identii T a 
potential  flawed  area  within  the  structure.  Sectioning  at  the 
indicated  location  revealed  an  anomaly  in  the  form  of  an 
elliptic  area  of  decreased  hardness  compared  to  the  matrix. 

Blue  etch-anodize  indications  of  surface  contamination  were 
also  verified  by  sectioning  and  metallographic  examination. 
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2.  INTRODUCTION 


Joining  titanium  alloy  materials  with  diffusion  bonding 
techniques  has  been  pursued  extensively  by  various  industries 
because  titanium  has  been  used  successfully  as  an  aerospace 
structural  material,  and  it  forms  a homogeneous  solid-state 
bond  more  easily  than  other  metal  combinations.  Titanium 
diffusion  bonded  laminated  sections  should  have  superior  proper- 
ties to  heavy  section  forgings,  since  the  fine,  uniform  grain 
of  the  sheet  stock  material  is  retained  in  the  laminate  struc- 
ture. This  laminated  structure  inherent  in  diffusion  bonded 
parts  can  present,  however,  large  fractions  of  the  part  plan 
area  as  potential  defect  sites.  Rigid  process  controls  for 
cleanliness,  etc.,  are  necessary  but  not  sufficient  conditions 
for  confidence  in  the  structural  integrity  of  the  diffusion 
bonded  structure. 

Advanced  nondestructive  evaluation  techniques  are  required 
to  establish  the  desired  level  of  confidence  in  critical  ti- 
tanium structures  fabricated  by  diffusion  bonding.  Thus, 
the  major  objectives  of  this  program  are: 

. To  develop  advanced  ultrasonic  instrumentation 
capable  of  determining  bond  quality  and  the 
spatial  location  of  discontinuities, 

. To  evaluate  the  instrumentation  on  a series  of 
test  specimens  by  correlation  between  nonde- 
structive data,  observed  mechanical  properties, 
and  failure  analyses, 

. To  optimize  defect  signals  from  a structure 
containing  displaced  and  angularized  multiple 
bonds,  and 

. To  generate  a procedural  document  for  incor- 
poration into  NDT  specifications. 

This  report  describes  the  major  accomplishments  made  during 
this  program  at  the  Fort  Worth  Division  of  General  Dynamics.  It 
covers  the  diffusion  bonding  survey,  instrumentation  development, 
specimen  preparation,  nondestructive  evaluation,  mechanical  test- 
ing and  fractography. 
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3.  DIFFUSION  BONDING  SURVEY 


3. 1 Diffusion  Bonding  Considerations 

Solid-state  diffusion  bonding  is  here  defined  as  a process 
by  which  a joint  is  formed  between  similar  or  dissimilar  metals 
in  intimate  contact  under  controlled  conditions  of  time,  tem- 
perature, and  pressure.  The  metal  parts  to  be  bonded  are 
placed  together  in  the  desired  configuration,  heated,  and 
pressure  is  applied  to  the  parts  after  the  desired  temperature 
is  reached.  After  plastic  flow  occurs  in  the  area  adjacent  to 
the  surfaces,  diffusion  of  atoms,  recrystallization  and  grain 
growth  across  the  interface  takes  place,  then  bonding  is  con- 
sidered to  be  complete , No  melting  occurs  during  this  solid- 
state  process,  in  sharp  contrast  to  brazing  and  welding  joining 
techniques.  Ideally,  this  method  produces  a joint  which  has 
parent  metal  properties  but  does  not  contain  discontinuities 
which  are  often  the  cause  of  embrittlement  and  fatigue  in  a 
part  joined  by  fusion  welding. 

In  order  to  obtain  the  ultimate  joint  efficiencies  using 
this  process,  stringent  process  controls  are  necessary  to  keep 
the  bond  area  from  becoming  a potential  defect  site.  These 
process  controls  are  necessary  but  not  sufficient  conditions 
for  confidence  in  the  structural  integrity  of  the  diffusion 
bonded  structure. 

3.1.1  Potential  Deficiencies 


In  general,  deficiencies  in  diffusion  bonded  joints  may 
arise  from: 

(a)  Prebonding  shortcomings  in  the  mating  surfaces 
(i.e.,  particulate  and  chemical  contamination, 
surface  finish  anomalies,  etc.); 

(b)  Fa lure  to  achieve  the  desired  bonding  param- 
eters in  localized  areas  of  the  bonding  plane, 
resulting  in  less  than  a totally  homogeneous 
solid-state  bond. 

Process  controls  are  normally  sufficient  to  overcome  the  de- 
fects produced  by  i'.em  (a)  . The  localized  disbonding  of  item 
(b)  is  more  insidious,  however. 
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Ashton,  et  al.  (Ref.  1)  in  a diffusion  bonding  parameter 
study  with  Ti  6A1-4V  showed  that  localized  disbond  or  contami- 
nated areas  can  exist  in  specimens  which  exhibit  parent  material 
tensile  properties.  Figure  3.1  presents  longitudinal  section 
micrographs  at  the  bondline  of  two  diffusion  bonded  tensile 
specimens  which  failed  completely  away  from  the  bond  area  and 
exhibited  parent  metal  (heat-cycled)  static  test  properties. 

The  specimens  above  were  also  inspected  ultrasonically 
in  the  pulse-echo  mode  (reflectoscope)  with  no  identifiable 
flaw  indications.  The  implication,  then,  is  that  minute  flaws 
can  be  masked  by  grain  noise  enhanced  by  the  diffusion-bonding 
heat  cycle.  The  effect  of  these  flaws  on  static  t'-st  properties 
is  undetectable.  Tie  effect  of  this  type  of  flaw  on  fatigue  and 
fracture  toughness  properties  of  titanium  will  be  a secondary 
goal  of  this  program. 


3.2  Survey  Goals  and  Results 

The  goal  of  this  survey  was  to  establish  the  geometry,  size, 
type,  and  composition  of  typical  probable  defects  for  inclusion 
in  a series  of  diffusion  bonded  tensile  and  tensile- fatigue 
specimens.  The  survey  was  conducted  among  facilities  actively 
engaged  in  the  utilization  of  diffusion  bonded  components  in  real 
systems  and/or  with  a history  of  significant  research  and  develop- 
ment in  diffusion  bonding.  Data  was  collected  by  personal  contact 
and  questionnaire. 

To  be  as  complete  as  possible,  the  entire  diffusion  bonding 
process  was  examined  for  interactions  which  may  result  in 
undesirable  deficiencies,  e.g.,  initial  material  procurement, 
pre-bonding  procedures,  bonding  environment  and  parameters,  and 
post-bonding  treatments. 

The  responses  of  the  various  companies  contacted  (either 
by  visit  or  questionnaire)  varied,  depending  on  the  particular 
diffusion  bonding  technique  practiced  at  a particular  facility. 
Some  potential  problem  areas  suggested  follow: 

. Localized  variance  of  bonding  parameters  (e.g., 
fitup  tolerance  buildup,  thermal  gradients) 

. Particulate  contamination  (e.g.,  alumina,  silica, 
airborne  particles,  parting  agents,  etc.) 

. Chemical  contamination  (e.g.,  C^j  N£»  hydro- 
carbons from  oily  jhop  atmosphere) 
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LONGITUDINAL  SECTIONS  AT  BONDLINE 
OF  TENSILE  SPECIMENS  WHICH  BROKE 
OUTSIDE  OF  THE  BOND  AREA  AND  HAD 
PARENT  METAL  TENSILE  PROPERTIES 


•UTS 

• YIELD 
•RED  A 

• ELONG 


141.3  ksi 
131.6  ksi 
26.8  % 
15.0  % 


•UTS  * 141.5  ksi 

•YIELD  = 132.4  ksi 

•RED  A * 27.0  % 

•ELONG  = 13.0  % 


(825X) 


Figure  3.1  Longitudinal  Section  Micrographs  through  Bond  Plane  of 
Ti6Al-4V  Specimens  with  Parent  Metal  Tensile  Properties 


. Gas  entrapment  between  faying  surfaces  (e.g.,  argon, 
air) 

. Surface  finish  defects  (e.g.,  scratches,  out-of-spec 
surface  roughness,  impact  damage) 

. Grain  size  differences  between  mating  parts  (e.g., 
sheet  joined  to  forgings) 

. Grain  orientation  differences  between  mating  parts 
(e.g.,  perpendicular  orientation  of  rolling  direc- 
tions 

. Metallurgical  changes  at  the  bond  plane  (e.g., 
transformed  beta,  intermetallics) 

. Alpha  stringers  from  surface  to  interior  along  bond 
plane 

. Voids  from  excessive  chamfers  on  comers  of  details 
which  meet  to  form  two-  or  three-axis  joints. 

A summary  of  the  responses  follows  in  Table  3.1.  The  three 
problem  areas  considered  most  pertinent  by  each  facility  are 
listed  generally  in  descending  order  of  importance.  Particulate 
and  chemical  contamination  appear  most  frequently  in  the  summary. 
When  frequency  of  occurrence  is  weighted  by  degree  of  importance, 
particulate  and  chemical  contamination  still  rank  first,  followed 
by  void  defects,  grain  size  and  orientation  effects,  and  lo- 
calized variation  of  bonding  parameters,  in  that  order. 

Table  3.2  presents  the  specimen  parameter  matrix  with  the 
intentional  deficiencies  defined.  Defect  sizes  are  based  on 
metallurgical  considerations  and  theoretical  limits  imposed  by 
acoustic  theory. 
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Table  3-  1 SUMMARY  OF  DB  SURVF7  RESULTS 


Table  3.2  DEFICIENCY  CATALOGUE 
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4.  INSTRUMENTATION  DEVELOPMENT 


The  diffusion  bonding  cycle  presents  two  main  problems  to 
nondestructive  evaluation  of  bond  quality  in  titanium.  First, 
the  thermal  cycle  (typically  1700°F  for  5 hours)  encourages 
grain  growth.  Simultaneously,  the  diffusional  activity  of 
titanium  at  high  temperatures  acts  to  reduce  any  unintentional 
voids  to  very  small  sizes.  Thus,  the  problem  exists  of 
extracting  low-level  defect  signals  from  background  noise. 

Secondly,  a diffusion  bonding  cycle  which  utilizes  high 
deformations  can  displace  anG  distort  the  bond  area  from  its 
original  flat  configuration.  Consequently,  an  unintentional 
deficiency  may  not  have  its  major  plan  area  parallel  to  the 
surface  from  which  inspection  takes  place.  Given  this  set  of 
circumstances,  the  defect  signal  must  be  optimized  to  produce 
depth  and  orientation  information. 

4.1  Signal  Processing  System 

4.1.1  Grain  Structure  Noise 

If  a polycrystalline  material  contains  large  grains  with 
inhomogeneous  elastic  properties,  scattering  and  refraction  of 
any  incident  acoustic  energy  will  occur  (Ref.  2).  The  receiv- 
ing transducer  of  ari  ultrasonic  system  at  any  instant  in  time 
will  be  impressed  with  a multitude  of  interfering  strains 
corresponding  to  the  many  possible  oathf  and  phase  shifts 
within  the  materials.  The  electrical  output  of  the  transducer 
will  be  voltage  puLses  which  result  from  integration  of  the 
unit  strains  over  the  crystal  surface  area.  In  diffusion 
bended  titanium,  this  grain  structure  noise  can  be  of  the  same 
order*  cf  magnitude  as  signals  resulting  from  bondline  defects. 
For  example,'  ul trasonical ly  urdetec table  microvoids  with  grain 
size  dimensions  wc-re  shown  to  exist  in  a bond  plane-  without 
affecting  the  static  te.sile  properties  of  the  diffusion  bonded 
joint  ( : • - f . 1),  Thus,  a meant  must  he  found  to  extract  legiti- 
mate de  ,'ect  signals  from  grain  structure  noise.  The  problem 
is  compounded  by  the  fact  that  the  grain  structure  noise  is 
coherent,  i.e.,  the  received  waveform  does  not  change  with 
time  so  long  as  the  transducer  remains  stationary. 

The  technique  used  to  reduce  coherent  noise/t*eflected 
signals  from  internal  grain  structure  is  based  on  making  the 
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above  noise/signals  spatially  incoherent.  This  is  accomplished 
by  perturbing  the  transducer -specimen  geometry  so  as  to  alter 
the  ray  patterns  and  path  lengths  of  waves  scattered  and  re- 
fracted by  r.he  internal  grain  structure.  At  the  same  time,  the 
path  length  to  a defect  must  be  only  minimally  affected.  Thus, 
the  reflected  waveforms  corresponding  to  each  transducer  posi- 
tion will  shift  and  change  height  except  for  the  pulse  resulting 
from  a defect  which  will  not  shift  but  only  change  in  amplitude. 

The  task  then  is  to  obtain  waveforms  at  n different 
spatial  positions  in  the  vicinity  of  a defect  location  and 
electronically  extract  the  defect  signal  from  the  grain  noise. 

Several  different  techniques  for  obtaining  these  waveforms 
for  subsequent  manipulation  or  visual  analysis  have  been  de- 
scribed in  the  literature  (Refs.  3,  4,  5).  In  one  method 
(Ref.  3),  the  transducer  is  rotated  so  that  its  asymmetric  pres- 
sure amplitude  profile  produces  different  waveforms  as  a function 
of  azimuth  angle.  Discrimination  of  a flaw  response  from  the 
shifting  grain  noise  is  accomplished  visually  by  the  operator. 

In  this  program,  the  electronic  signal  processing  consists 
of  averaging  the  collection  of  n waveforms  point  by  point  to 
obtain  an  improvement  in  defect  signal-to-grain  noise  ratio. 

4.1.2  Signal  Averaging  System 

The  basic  components  of  the  signal  averaging  system  are 
given  in  Figure  4.1  and  consist  of: 

(a)  Transducer  manipulator 

(b)  Pulser /receiver , UM721  Reflectoscope 

(c)  Sampling  oscilloscope 

(d)  Modified  Princeton  Applied  Research  TDH-9 
Waveform  Eductor 

(e)  Dual  trace  display  oscilloscope 

(f)  X-Y  recorder 

The  setup  of  these  components  is  shown  in  Figure  4.2.  The 
operation  of  the  system  is  described  below. 

At  any  transducer  position,  ultrasonic  signals  are 
generated  at  a constant  repetition  rate.  The  1S1  sampling 
unit  constructs  a lower  frequency  signal  (but  identical  in 
form)  for  input  into  the  TDH-9  Waveform  Eductor.  The 
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Figure  4.1  Signal  Averaging  System 


Figure  4.2  Laboratory  Setup  of  Signal  Averaging  System 
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sampled  waveform  is  divided  into  100  equal  segments  (voltages) 
which  are  stored  in  a 100  capacitor  memory  network. 

The  cycle  begins  ag;?.in  with  the  transducer  shifted  to  a 
new  position  over  the  test  piece.  This  next  sampled  waveform 
is  read  into  the  capacitor  memory  network  which  reaches  a 
state  equivalent  to  the  average  of  the  input  waveforms. 

Any  segment  of  the  repetitively  input  waveforms  which 
remains  "in  phase"  (i.e.,  does  not  shift  with  respect  to  a 
fiducial  trigger  pulse)  will  approach  a non-zero  average 
value.  Segments  of  the  waveform  which  are  affected  by  the 
transducer  movement  so  as  to  shift  in  time  are  suppressed. 

That  is,  because  of  their  quasi-random  nature,  they  tend  to 
average  to  zero. 

The  average  of  the  waveforms  is  constantly  displayed  on 
one  trace  of  a dual- trace  scope,  while  the  other  trace  dis- 
plays the  changing  waveforms  contribution  to  the  average.  A 
permanent  record  of  the  averaged  waveform  is  obtained  by 
switching  the  Waveform  Eductor  from  the  ANALYZE  AND  READOUT 
mode  to  the  READOUT  ONLY  mode.  The  average  waveform  stored  in 
the  capacitor  memory  is  read  out  at  any  desired  rate  into  the 
X-Y  recorder  or  other  data  recording  device. 

Other  features  of  the  Waveform  Eductor  are  variable 
delay  and  sweep  rates  which  allow  any  portion  of  the  ultra- 
sonic return  to  be  analyzed  in  detail.  Also,  the  characteris- 
tic time  constant  (T  ) of  the  integrating  circuitry  can  be 
varied  for  optimum  signal  buildup  and  noise  suppression. 

The  TDH-9  used  in  this  system  can  var^  T from  0.05  sec.  to 
5 sec.  (Standard  Tc  is  5 sec.  to  500  sec?) 

4.1.3  System  Operation 
Transducer  Manipulation 

The  manner  in  which  ultrasonic  waveforms  should  be 
collected  for  efficient  signal  averaging  required  some  fore- 
knowledge of  the  variation  of  grain  noise  with  transducer 
motion.  A measure  of  this  variation  is  the  cross  correlation 
factor  of  two  waveforms  obtained  at  different  positions. 
Pertinent  results  of  such  cross-correlation  studies  of  grain 
noise  vs.  transducer  displacement  are  given  in  Appendix  B of 
reference  6.  These  results  indicated  that  a greater  number 
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of  waveforms  can  be  obtained  for  averaging  by  rotating  the 
transducer  about  its  axial  centerline  than  by  translation 
along  the  surface  of  the  test  item.  In  this  manner,  the 
desired  perturbation  of  the  ultrasound-grain  structure  inter- 
actions is  accomplished  by  the  asymmetry  of  the  pressure 
amplitude  profile  of  real  transducers. 

At  the  same  time,  the  defect  remains  illuminated  by  the 
transducer  beam  and  contributes  higher  amplitude  reflections 
to  each  waveform  than  if  the  transducer  were  to  be  translated 
over  the  defect. 

Operational  Procedure: 

The  process  of  applying  the  signal  averaging  system  to 
diffusion  bond  inspection  begins  with  establishing  the  geometry 
shown  in  Figure  4.3a.  The  transducer  is  held  in  contact  with 
the  top  surface  of  the  specimen  by  a metal  bellows -degree  wheel 
arrangement,  (see  Figure  4.3ab  ) which  minimizes-  coupling 
variations  and  allows  the  transducer  to  be  rotated  incrementally 
about  its  longitudinal  axis. 

The  specimen  is  interrogated  at  five  different  locations 
within  the  bond  plane  (locations  1,  la,  2,  2a  and  3).  The 
ultrasonic  return  utilized  for  signal  averaging  is  gated  to 
corresond  to  a .6"  band  of  material  around  the  bond  plane. 

At  each  location  a "single  return"  waveform  is  first 
recorded.  This  waveform  is  constructed  by  the  sampling 
oscilloscope  from  200  real  time  pulses  generated  by  the  UM  721 
Reflectoscope  operating  at  a repetition  rate  of  300  Hz.  Five 
such  wave  forms  as  required  for  waveform  build  up  within  the 
Waveform  Eductor  (set  at  a characteristic  time  constant  of  .5 
sec) . This  "single  return"  waveform  is  then  recorded  by  the 
X-Y  plotter  and  represents  a conventional  pulse-echo  record. 
Next,  signal  averaging  of  24  waveforms  is  accomplished  by 
rotating  the  transducer  through  360°  in  15  increments.  At 
each  azimuthal  increment,  the  waveform  is  built  up  as  before 
from  five  "sampled"  waveforms.  At  the  end  of  each  complete 
revolution,  the  averaged  waveform  is  read  out  of  the  Waveform 
Eductor  and  recorded  by  the  X-Y  plotter.  This  process  is 
repeated  for  each  location,  the  result  being  "single  return" 
and  signal  averaged  waveforms  for  each  defect  location  (1,  2, 
and  3)  and  defect-free  location  (la  and  2a). 


To  obtain  background  waveforms  representative  of  grain 
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structure  woise  the  waveform  gate  is  moved  to  include  .6*'  of 
material  outside  the  bond  plane  at  locations  lab  and  2ab. 

Figure  4.4  shows  (a)  the  real-time  A-scan  from  the 
Reflectoscope  with  the  response  from  a 3/64”  flat-bottom  hole 
(FBH)  indicated;  (b)  the  output  of  the  sampling  oscilloscope 
gated  for  the  3/64  FBH  signal  and  (c)  the  output  of  the  Wave- 
form Eductor  with  a ’’single  return”  FBH. 

4.2  Displacement  and  Angularization  System 

Discontinuities  in  angularized  bond  planes  are  not 
usually  oriented  parallel  to  the  material  top  surface.  In 
this  case,  the  return  signal  in  a pulse-echo  system  can  be 
optimized  by  tilting  the  transmitting  transducer  with  respect 
to  the  top  surface  such  that  the  refracted  pulse  impinges 
on  the  maximum  area  of  the  discontinuity.  A proposed  sys- 
tem utilizing  this  refracted  pulse-echo  technique  via  a 
mechanically-oscillated  transducer  is  described  in  Ref.  7. 

4.2.1  Multiple  Transducer  Array  System 

The  "oscillation”  of  the  transmitted  wave  can  also  be 
accomplished  electronically  using  an  array  of  multiple  trans- 
ducers. The  system  originally  proposed  for  this  program  is 
schematically  depicted  in  Figures  4.5  and  4.6.  The  cyclic 
output  from  a pulse-echo  un?t  is  distributed  to  each  trans- 
ducer in  sequence  by  a gate  and  switching  network.  Only  one 
transducer  is  pulsed  at  a time  and  the  same  transducer  is  used 
as  a receiver  during  that  cycle.  Just  prior  to  the  next 
pulse  from  the  pulse-echo  unit,  another  transducer  is  switched 
into  operation.  This  will  continue  until  all  the  transducers 
have  been  pulsed  and  the  data  recorded.  Then  the  cycle  starts 
again  and  is  repeated  at  a rate  determined  by  the  material 
thickness. 

Upon  detection  of  a flaw  or  defect,  a signal  from  the 
event  detector  causes  the  pulse  amplitude,  depth  of  the 
defect  signal,  transducer  output  code,  and  X-Y  coordinates 
to  be  printed  out  or  input  to  a small  computer.  The  trans- 
ducer code  indicates  the  angle  of  the  transducer  and  thereby 
the  orientation  of  the  flaw. 

After  the  above  approach  was  proposed  and  shortly  before 
contract  go  ahead,  another  AFML  program  was  awarded  to  General 
Dynamics,  Fort  Worth  Division,  i.e.  ’’Computer  Automated  Ultra- 
sonic Inspection  System  for  Aircraft  Forgings,”  Contract 
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No.  F33615-72-C-1328.  As  the  two  programs  progressed,  it 
became  evident  that  the  flexibility  of  the  AFML  Computer 
Automated  Inspection  System  would  allow  it  to  perform  the 
displaced  and  angularized  diffusion  bond  plane  inspection 
task  more  efficiently  and  with  less  technical  risk  than  the 
multiple  transducer  system  being  developed. 

The  AFML  Computer  Automated  Inspection  System  can 
generate  a ’’synthetic  transducer  array",  i.e.  a single  trans- 
ducer oriented  and  interrogated  at  any  desired  number  of 
angles  with  the  local  vertical  as  opposed  to  four  separate 
transducers.  This  procedure  eliminates  the  problems  asso- 
ciated with  variations  in  output  amplitude  and  beam  disper- 
sion characteristics  between  separate  transducers. 

Other  advantages  are: 

- Faster  inspection  due  to  the  use  of  a PDP  11/45 
computer  as  opposed  to  a HP  9820  Computing  Cal- 
culator as  originally  proposed. 

- More  permanent  record  options  (i.e.,  hardcopy 
maps,  punched  tape,  disc  storage  as  opposed  to 
printed  paper  tape  from  the  HP  9820) . 

- Better  angular  resolution  in  defect  data,  since 
variable  tilt  of  a single  transducer  replaces 

the  4 discrete  angles  at  which  the  separate  trans- 
ducers are  aligned. 

Consequently,  the  developmental  effort  was  transferred 
from  the  multiple  transducer  system  to  application  of  the 
AFML  Computer  Automated  Inspection  System  to  inspection  >f 
displaced  and  angularized  bond  planes. 

4.2.2  Description  of  the  AFML  Computer-Automated 
Inspection  System 

The  system  was  designed  to  inspect  forgings  of  relatively 
complex  geometries  in  the  immersion  reflection  and  Delta- 
Scan  mode.  The  basic  components  are  (a)  a 6'  x 4'  x 3' 
immersion  tank,  (b)  a five-axis  scanner  and  transducer  mani- 
pulator, (c)  an  ultrasonic  test  unit  and  (d)  a computer  for 
control  and  analysis. 
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Computer  and  Ultrasonic  Components 


The  system  utilizes  a PDP  11/45  general-purpose  computer 
for  real-time  control,  data  acquisition,  data  processing, 
data  recording,  and  flaw-data  display  of  the  ultrasonic  inspec- 
tion. 


Figure  4.7  is  a block  diagram  of  the  ultrasonic  and 
computer  components  of  the  system.  The  ultrasonic  unit 
consists  of  an  Automation  Industries  Type  UM  771  reflecto- 
scope  and  special  computer  interface  circuits  in  another 
chassis.  This  unit  supplies  electrical  pulses  at  ultrasonic 
frequencies  to  the  transmitting  transducers  and  amplifies 
and  processes  the  ultrasonic  signals  picked  up  by. the 
receiving  transducers.  The  signals  are  processed  to 
separate  the  various  reflections  and  convert  them  to  signals 
which  enter  the  computer  via  analog  or  digital  inputs. 

Any  indication  of  anomalies  above  a predetermined 
threshold  level  of  the  incoming  ultrasonic  signals  is  detected 
by  the  computer  and  will  be  recorded  as  a flaw.  The  5-axes 
coordinates  of  the  scanner  where  the  indication  occurred  will 
also  be  recorded  along  with  other  pertinent  parameters. 

In  the  standard  reflection  mode,  the  thickness  of  the 
test  material  and  the  depth  of  a flaw  are  determined  by  gates 
that  are  turned  on  by  the  front- surface-reflected  signal  and 
turned  off  by  either  a flaw  or  back  surface  signal. 

The  computer  also  controls  the  sensitivity  setting  on 
the  ultrasonic  equipment  to  compensate  for  transducer  varia- 
tions, equipment  variations,  and  far- field  effects.  This 
operation  provides  equal  sensitivity  for  detection  of  flaws 
located  at  different  depths  within  the  component  and  will 
minimize  calibration  and  setup  time.  The  computer  also 
monitors  the  liquid  coupling  between  the  transducers  and  the 
component  under  inspection.  Inspection  does  not  commence 
until  the  computer  verifies  that  sound  energy  is  adequately 
coupled  into  the  component. 

After  processing  the  information,  the  required  outputs 
are  displayed  on  the  Tektronix  Computer  Terminal  Display, 

Model  4010.  The  display  can  be  hardcopied  with  the  Tek- 
tronix Copier,  Model  4601.  These  outputs  typically  included 
X,  Y and  Z coordinates,  transducer  rotate  and  tilt  angles, 
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Figure  4.5  Proposed  Displacement  and  Angularization  System 
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Figure  4.7  Block  Diagram  of  AFML  Computer-Automated  Ultrasonic 
Inspection  System 
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flaw  depth,  flaw  amplitude  and  part  thickness. 

X-Y  Scanner  and  Transducer  Manipulator  System 

The  five-axes  of  motion  are  provided  to  align  the  trans- 
ducer axis  normal  to  an  arbitrarily  oriented  surface.  The 
motions  are  (a)  translation  in  the  X,  Y and  Z (vertical) 
directions,  (b)  rotation  about  the  Z-axis  and  (c)  tilt  about 
an  axis  in  the  X-Y  plane. 

DC  stepping  motors  drive  all  five  axes  and  digital 
position  encoders  provide  location  data.  The  X and  Y drive 
motors  may  be  controlled  in  manual,  automatic,  or  computer 
modes.  The  Z,  Rotate  and  Tilt  motions  may  be  commanded 
manually  or  automatically  by  closed-loop  feedback  servo- 
systems.  These  systems  control  standoff  distance  and  normality 
of  the  transducers  with  respect  to  the  part  surface. 

Figure  4.8  is  a schematic  diagram  of  the  X-Y  scanner  and 
transducer  manipulator  electronics  showing  the  interaction 
between  scanner  and  computer  through  the  control  console. 

Figure  4.9  is  a photograph  of  the  AFML  Computer-Automa- 
ted  Ultrasonic  Inspection  System.  Figure  4.10  shows  the 
transducer  gimbal  assembly  which  coordinates  transducer  tilt 
with  an  auxiliary  translation  of  the  transducer  yoke.  This 
translation  insures  that  the  longitudinal  axis  of  the  trans- 
ducer intercepts  the  Z-axis  at  the  part  surface.  Thus  the 
X-Y  coordinates  of  the  Z-axis  will  be  those  of  the  point 
where  ultrasound  enters  the  specimen. 

System  Operation  for  Displaced  and  Angularized  Bond  Planes 

Several  combinations  of  scan,  index  and  transducer 
tilt  exist  for  performing  the  desired  inspection.  These 
include : 

1.  Increment  in  scan  direction,  tilt  from  -9  to  +9, 
increment  in  scan  direction,  tilt  from  +0  to  -0, 
etc.  Index  after  scan  is  complete  and  reverse 
scan  direction. 

2.  Scan  one  line  with  tilt  angle  fixed  at  -0,  incre- 
ment tilt  angle,  reverse  scan  over  same  line, 
increment  tilt  angle,  etc.  Index  to  next  scan 
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3.  Scan  and  index  over  total  area  with  tilt  angle 
fixed  at  -0,  increment  tilt  angle,  repeat  scan 
and  index  over  total  area,  increment  tilt  angle, 
etc. 


The  last  procedure  has  been  termed  the  "variable -tilt/ 
multiple  scan"  mcde.  A preliminary  trial  in  this  mode  was 
accomplished  at  5 Mh z on  an  aluminum  alloy  reference  block 
shown  in  Figure  4.11.  The  specimen  contains  3/64  and  5/64 
flat  bottom  holes  (FBH)  oriented  at  36ufrom  the  vertical  and 
a 5/64  FBH  aligned  with  the  vertical.  Sensitivity  of  the  UM 
771  Reflectoscope  was  set  by  the  computer-controlled 
attenuator  to  produce  80%  screen  saturation  from  a vertical 
5/64  FBH  3 inches  from  the  top  surface  with  the  transducer 
also  vertical.  Signal  level  was  set  at  20%  screen  satura- 
tion. Scans  wereomade  at  transducer  inclinations  of  0°, 

2°,  4 , 6 , and  8 . The  resulting  records  are  shown  in 
Figures  4.12  and  4.13. 

As  expected,  response  from  the  vertical  hole  decreases 
while  that  from  the  off-vertical  holes  increases  as  the 
transducer  tilt  angle  increases.  In  Figure  4.12,  response 
from  the  vertical  hole  disappears  completely  at  i.n  attenua- 
tion setting  of  37  dB.  The  vertical  hole  respoi.^e  was 
regained  at  6 and  8 by  reducing  the  reflectoscope  attenua- 
tion setting. 

The  ability  of  the  AFML  Computer  Automated  Inspection 
System  to  operate  in  the  variable-  tilt /multiple  scan  mode 
with  minimum  hardware  and  software  modifications  verified 
its  suitability  for  the  large  diffusion  bonded  structure 
evaluation. 
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Figure  4.11  Geometry  of  Reference  Block 
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Figure  4.12  Pulse-Echo  Record  of  Reference  Block  at  0l 
Transducer  Inclination 
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5.  FEASIBILITY  STUDIES 


5. 1 Acoustic  Emission  Monitoring 

The  goal  of  this  study  was  to  determine  whether  the  presence 
of  a diffusion  bond  deficiency  could  be  determined  by  detecting 
the  acoustic  energy  emitted  by  the  generation  of  a deficiency- 
initiated  free  surface  in  response  to  an  applied  external  load. 
Ideally,  the  applied  load  will  not  result  in  plastic  strains 
thereby  allowing  this  evaluation  technique  to  be  considered  non- 
destructive. 

In  this  study,  acoustic  emission  monitoring  was  performed 
on  selected  tensile  specimens  pulled  to  failure.  Thus,  in  con- 
sonance with  the  above  goal,  feasibility  will  be  determined  by 
emphasis  on  the  data  within  the  elastic  range. 

5.1.1  Experimental  Setup  and  Procedures 

Phase  I - Experimental  Setup  - Figure  5.1  is  a block  diagram 
of  the  experimental  setup.  Some  changes  were  made  in  the  mounting 
method  of  the  acoustic  emission  sensor  during  the  second  phase 
to  obtain  better  noise  rejection. 

One  receiver  transducer,  Gulton  HST-41,  lead-zirconate- 
titanate  plates,  1.27  mm  thick,  polarized  in  the  thickness  direc- 
tion, and  cut  to  5 x 5-mm  square  pieces,  was  attached  to  a steel 
standoff  which  was  machined  to  an  inside  radius  equal  to  the  out- 
side radius  of  the  test  specimen.  Silicone  high-vacuum  grease 
was  used  as  a couplant  between  the  transducer  and  the  standoff. 

The  standoff  was  also  coupled  to  the  test  specimen  with  the 
silicone  grease.  This  sensor  arrangement  was  clamped  to  the 
test  specimen  with  a Teflon-insulated  clamp.  Two  additional 
transducers  were  magnetically  mounted  on  the  specimen  loading 
grips  for  rejection  of  noise  generated  in  this  area  and  signals 
originating  from  the  loading  machine. 

Phase  II  - During  this  phase,  the  diffusion  bonded  specimens 
were  monitored  for  acoustic  emissions.  Two  modifications  were 
made  to  the  experimental  setup  to  obtain  better  noise  rejection. 
These  modifications  are  illustrated  in  Figure  5.2. 
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Diagram  of  Experiment  Setup  for  Acoustic  Emission  Monitoring 
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5.2  Sensor  Mounting  for  Phase  II  Test 


Modification  £l  - The  magnetic  mounted  sensors  (slave  sen- 
sors) were  removed  from  the  specimen  grips  and  replaced  with 
sensors  which  were  bonded  at  a thin  aluminum  plated  standoff. 

The  aluminum  plates  were  machined  on  one  end  to  encircle  one- 
half  the  circumference  of  the  specimen  just  below  and  above 
the  grips.  These  sensor  assemblies  were  clamped  to  the  speci- 
men grips  with  the  standoff  in  contact  with  the  specimen  (see 
Figure  5.2). 

Modification  #2  - To  eliminate  the  possibility  of  erroneous 
signals  originating  at  the  interface  of  the  specimen  and  the 
master-sensor  assembly  during  the  elongation  of  the  specimen, 
this  sensor  assembly  was  mounted  below  the  vertical  centerline 
of  the  specimen  at  the  beginning  of  the  tapered  section  (see 
Figure  5.2). 

The  signals  from  each  transducer  were  an.  1ified  by  a modi- 
fied Arvee  S-30  wide-band  preamplifier.  The  preamplifier  had  a 
low  frequency  cutoff  at  100  KHz. 

The  preamplified  acoustic  signals  were  fed  into  a Master- 
Slave  acoustic  signal  processor.  The  Master-Slave  (M/S)  unit 
receives  signals  from  multiple  master  and  slave  sensors  and  per- 
forms a logic  processing  such  that  a count,  output  is  produced 
only  when  a master  sensor  receives  an  acoustic  signal  prior  to 
any  of  the  slave  sensors.  A type  of  spatial  filtration  is  per- 
formed to  eliminate  acoustic  signals  originating  in  the  area  of 
the  slavt  sensor. 

When  the  acoustic  emission  processor  produced  a countout 
signal,  it  was  accumulated  on  a HP  5216A  counter  and  converted 
from  digital  to  analog  by  a HP  58A  D/A  converter  for  recording  on 
a strip-chart  recorder. 

The  signals  from  the  Master  sensor  of  the  M/ S unit  are  fed 
into  the  "Beta"  AEM  unit  which  is  gated  by  the  countout  from 
the  M/S  signal  processor  to  eliminate  the  contamination  of  the 
data  by  noise.  The  Beta-AEM  unit  measures  the  amplitude  dis- 
tribution of  acoustic  emission  signals  in  real-time.  It  deter- 
mines the  peak  amplitude  of  each  acoustic  event  and  prints  out 
the  accumulated  results  along  with  the  time  from  the  time-code 
generator.  The  "Beta"  AEM  unit  was  set  to  print  each  5-sec 
period  and/or  when  50  counts  have  been  accumulated. 

The  total  signals  were  counted  on  a HP  5216  counter.  The 
total  signal  count  consists  of  the  signals  from  all  sensors  and 
may  be  compared  with  the  countout  to  determine  the  noise  re- 
jection level  by  the  M/S  AEM  unit. 
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A homemade  pulser  and  a 555  Tektronic  oscilloscope  were 
used  to  set  the  sensitivity  of  the  M/S  and  Beta  AE  units  and  to 
check  the  overall  operation  of  the  system. 

The  threshold  of  the  AEM  units  was  set  at  10  MV  and  the 
gain  of  the  preamplifier  was  140,  giving  a system  sensitivity 
of  71.4  MV  referred  to  the  sensor. 

Experimental  Procedure  - Testing  of  tensile  specimens  se- 
lected for  this  AEM  study  was  performed  in  the  Applied  Research 
Laboratory.  The  tensile  test  machine  employed  for  loading  the 
specimens  to  fracture  was  a Model  TY-C  Instron  calibrated  to 
10,000  lbs.  Collet-type  grips  were  used  for  gripping  the  tensile 
specimens  during  the  loading  sequence. 

Standard  ASTM  procedures  regarding  strain-rate  pacing, 
extensometer  measurements,  and  selection  of  0.2%  offset  yield 
points  of  tensile  specimens  could  not  be  followed  during  the 
tensile  testing  due  to  the  transducer  locations  in  the  gage 
length  section  of  the  test  specimens.  Placement  of  the  three 
AEM  transducers  (2  slaves  and  1 master)  did  not  allow  sufficient 
space  for  the  attachment  of  an  extensometer.  Therefore,  the 
specimens  were  tested  to  fracture  under  the  following  conditions: 

(1)  A constant  crosshead  speed  of  0.05  in. /min  was 
used  throughout  the  loading  sequence. 

(2)  Elongation  percentages  were  determined  from 
gage  marks  (1.5  in.  apart)  placed  or.  the  test 
specimens. 

(3)  The  0.2%  offset  yield  points  were  determined  by 
assignment  of  an  effective  gage-length  value  of 
1.50  in.  and  the  following  relationship  to  chart 
travel,  crosshead  speed,  etc.: 


Chart  Travel  = 0-Q02  x Chart  Speed  x Effective  Gage  Length 

Crosshead  Speed 

where:  Chart  speed  was  2 in. /min, 

Crosshead  speed  was  0.05  in. /min, 
Effective  gage  length  was  1.50  in. 
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Thereby  giving  a value  of  0.06  in.  displacement 
in  chart  travel  for  constructing  a line  parallel 
to  the  slope  of  the  Instron  curve  in  the  elas- 
tic region.  The  point  of  intersection  of  this 
line  with  load  in  the  nknee"  of  the  Instron  curve 
was  taken  as  the  0.2%  offset  yield  point. 

Bench  measurement  data  used  for  calculating  cross-sectional 
area  and  percent  elongation  were  obtained  with  a Scherr-Tutnico 
Model  P-1500  optical  comparator. 

Calibration  of  the  Instron  machine  was  performed  prior  to 
testing  of  each  tensile  specimen.  After  the  test  setup  was  com- 
pleted and  the  instruments  were  calibrated,  the  specimen  was  first 
cycled  to  the  100  pounds  to  set  the  specimen  grips.  Immediately 
following  the  100-lb  load  level,  the  specimen  was  tensile  loaded 
at  constant  crosshead  speed  of  0.05  in. /min  until  complete 
failure  occurred.  The  data  were  recorded  continuously  through- 
out this  phase  of  the  test. 

The  acoustic  emission  monitoring  of  these  specimens  was 
accomplished  in  real  time.  The  data  obtained  were  the  summation 
of  acoustic  emission  events,  the  amplitude  distributions  of 
these  events,  and  the  summation  of  these  events  plus  acoustic 
noise  sensed  by  all  transducers. 

5.1.2  Results 

Cumulative  Acoustic  Emissions  - The  cumulative  numbers  of 
acoustic  emissions  detected  by  the  Master/Slave  unit  for  each 
specimen  are  plotted  against  time.  The  load  levels  are  also 
plotted  with  the  same  time  scale. 

Amplitude  Distribution  of  Acoustic  Emission  Signals  - The 
amplitude  distribution  of  the  acoustic  emission  signals  from 
all  specimens  was  obtained.  These  distributions  are  presented 
in  log-curulative  form.  The  quantity  plotted  in  these  figures 
is  the  cumulative  number,  in  a logarithmic  scale  of  emission 
events  of  amplitudes  greater  than  a given  value.  In  the  same 
logarithmic  scale,  data  for  three  time-load  intervals  are  plotted 
separately  to  show  the  shift  of  the  distribution  with  time  in- 
tervals. Those  intervals  are  (a)  below  the  0.2%  offset  yield 
point,  (b)  the  yield  period,  and  (c)  the  final  five  seconds, 
including  the  event  leading  directly  to  the  failure. 
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The  parent  material  specimens  tested  during  this  study 
are  listed  in  Table  5-1. 

As-Received  Material  Specimens  - Specimens  Dl-2,  YlA-3, 
and  Zl-5  were  from  as-received  material.  The  cumulative  num- 
bers of  acoustic  emissions  processed  by  the  Master/Slave  unit 
from  these  specimens  are  plotted  in  Figures  5.3  through  5.5. 

The  acoustic  emissions  from  Specimen  YlA-3  which  were  observed 
during  the  first  1.75  minutes  were  from  noise  signals 
originating  from  slippage  of  the  specimen's  grip.  This 
slippage  is  also  indicated  by  the  load  curve  in  the  first 
minute  of  the  loading  period.  The  cumulative  number  of  events 
from  Specimen  YlA-3  during  the  remaining  loading  to  failure 
is  very  similar  to  those,  from  Specimen  Dl-2  for  the  same  period. 

The  cumulative  number  of  acoustic  emissions  detected  from 
Specimen  Zl-5  is  much  greater  than  from  Specimens  YlA-3  and 
Dl-2.  The  greater  number  of  these  events  occurred  during  the 
yielding  of  the  specimen.  Since  this  specimen  has  the  same 
grain  orientation  as  Dl-2,  there  is  only  one  reason  for  the 
large  number  of  emissions.  That  reason  is  that  the  major  por- 
tion of  these  emissions  was  generated  by  rubbing  between  the 
sensor  steel  standoff  and  the  specimen  during  the  elongation 
period  of  Specimen  Zl-5. 

The  amplitude  distribution  of  the  acoustic  emission  signals 
from  Specimen  Dl-2,  YlA-3,  and  Zl-5  is  presented  in  Figures  5.6 
through  5.8.  These  curves  show  that  all  of  the  acoustic  emission 
signals  which  occurred  prior  to  yield  point  on  the  load  curve 
were  of  low  amplitude  (6-12  dB)  which  is  in  the  amplitude  range 
of  acoustic  signal  from  rubbing  between  metals.  As  shown  in  the 
acoustic  emission  cumulative  curves,  Specimen  YlA-3  test  pro- 
duced a larger  number  of  these  small  amplitude  signals. 

Comparison  of  the  amplitude  distribution  of  the  acoustic 
emission  events  occurring  during  the  yielding  of  these  specimens 
(Figures  5.6  through  5.8)  shows  that  there  is  one  medium  ampli- 
tude signal  during  this  period  from  all  specimens.  However, 
specimen  Zl-5  produced  a great  number  of  signals  in  the  small 
amplitude  range  (6  to  12  dB)  indicating  that  most  of  these  sig- 
nals for  specimen  Zl-5  were  generated  by  slippage  between  the 
sensor  standoff  and  the  specimen. 
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Table  5.1 


TENSILE  PROPERTIES  OF  ANNEALED  Ti-6Al-4V  PLATE, 

1"  THICK 


Condition 

Grain 

Direction 

Specimen 

Number 

TYS 

KSI 

UTS 

KSI 

Elong.  % 
in  1.5" 

R.A. 

% 

As -Received 

L 

YlA-3 

132.7 

140.1 

12.0 

25.2 

T 

Zl-5 

130 . 2 

136.4 

11.5 

24.3 

Heat -Cycled 

L 

A2-3 

126.6 

134.5 

12.5 

27.5 

6 Hrs  @ 1700°F 

B2-3 

125.4 

135.3 

13.1 

27.5 

T 

Dl-2 

129.8 

140.3 

14.0 

25.7 

D2-1 

122.6 

134.3 

13.3 

28.7 

Heat-Cycled 
6 Hrs  @ 1735°F 

T 

El-2 

125.6 

i 

137.6 

12.7 

27.4 

Heat -Cycled 
6 Hrs  @ 1775°F 

T 

Fl-1 

120.4 

j 

133.7 

13.6 

25.6 

J 
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Parent  Material:  As -Received,  Perpendicular  to  RD 


Characteristics  of  Tensile  Specimen  Dl-2 
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Emission  Amplitude  (mv) 


Amplitude  Distribution  of  Emission  Signals  for  Specimen  Dl-2 


Cumulative  Number  of  Events 


All  three  of  the  specimens  discussed  above  showed  a de- 
crease in  the  slope  of  the  amplitude  distribution  curve  during 
failure.  Specimens  Di-2  and  Y1A-3  emitted  a greater  number 
of  large  amplitude  signals, while  Specimen  Zl-5  emitted  one 
very  large  amplitude  signal  during  this  period. 

Heat-Cycled  Material  Specimens  - 1700°F  - Specimens  A2-3, 
B2-3,  and  D2-1  were  manufactured  from  material  that  had  been 
heat  treated  for  6 hours  at  1700°F.  The  cumulative  acoustic 
emission  signals  from  these  specimens  are  presented  in  Figures 
5.9  through  5.11.  Specimen  A2-3  emitted  a very  large  number 
of  emission  signals  during  the  yielding  period  again  indicating 
that  slippage  between  the  sensor  standoff  and  the  specimen  gen- 
erated most  of  these  signals. 

Specimen  D2-1  which  had  the  grains  running  perpendicular 
to  the  long  axis  of  the  specimen  emitted  fewer  acoustic  signals 
during  loading  to  failure  (Fig.  5.11)  than  did  Specimen  B2-3 
(Fig.  5.10)  which  had  the  grain  direction  parallel  to  the  long 
axis  of  the  specimen.  However,  Specimen  B2-3  data  showed  a 
larger  number  of  emissions  before  reaching  the  yield  point. 

Again,  these  signals  were  generated  by  slippage  between  the 
specimen  and  grips  and  were  not  rejected  by  the  slave  sensors. 

This  slippage  is  also  indicated  in  the  early  stage  of  the  load 
curves. 

A comparison  of  the  amplitude  distribution  of  Specimen  D2-1  . 
(Fig.  5.12)  and  Specimen  B2-3  (Fig.  5.13)  shows  that  D2-1 
emitted  large  amplitude  signals  during  failure,  compared  to 
those  emitted  during  the  yielding  segment  of  the  load  curve, 
while  B2-3  emitted  the  same  relative  signal  distribution  during 
both  segments.  The  amplitude  distribution  of  acoustic  emissions 
from  Specimen  A2-3  is  presented  in  Figure  5.14.  Due  to  the  large 
number  of  small  amplitude  signals  detected  from  the  sensor 
standoff  slippage  during  the  yielding  of  the  specimen,  the 
slope  of  this  curve  is  steeper  than  the  amplitude  distribution 
curve  for  Specimen  B2-3  (Fig.  5.13)  which  is  the  same  type  of 
specimen.  The  amplitude  distribution  of  the  signals  from  these 
two  specimens  is  similar  during  the  failure  period,  except 
Specimen  A2-3  emitted  5 large  signals  not  observed  from  Speci- 
men B2-3. 

Heat-Cycled  Material  Specimen  El-2  1735°F  - Specimen  El-2 
had  been  h^-'f -cycled  to  1735°F  for  6 hours.  The  cumulative 
acoustic  e-i'sion  signals  from  this  specimen  are  plotted  in 
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Parent  Material:  Hea 


Parent  Material 


Amplitude  Distribution  of  Emission  Signals  for  Specimen 


Cumulative  Number  of  Events 
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Emission  Amplitude  (mv) 

Figure  5.14  Amplitude  Distribution  of  Emission  Signals  for  Specimen  A2-3 
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Figure  5.15.  Signals  were  emitted  at  low  load  levels  and  con- 
tinued at  a constant  rate  until  the  specimens  began  to  yield. 

These  signals  originated  at  the  specimen  grip  interface  and 
were  not  rejected  by  the  slave  sensors.  The  amplitude  dis- 
tributed of  acoustic  signals  recorded  from  this  specimen  is 
presented  in  Figure  5.16.  These  curves  show  that  most  of  the 
signals  were  of  small  amplitude  until  failure  was  reached. 

Heat-Cycled  Material  Specimen  Fl-1  1775°F  - Specimen  Fl-1 
had  been  heat-cycled  to  1775°F  for  6 hours.  The  cumulative 
acoustic  emission  signals  from  this  specimen  are  presented  in 
Figure  5.17.  Some  emissions  were  observed  during  the  early 
stage  of  the  loading  ramp.  However,  they  were  not  so  numerous 
as  was  observed  from  Specimen  El-2,  indicating  that  the  noise 
from  the  specimen  grip  was  much  less  for  this  specimen  than  the 
Specimen  El-2  test.  The  amplitude  distribution  of  the  acoustic 
emission  signals  from  this  specimen  is  presented  in  Figure  5.18. 

Intentional  Defect  Diffusion  Bonded  Specimens  - The  speci- 
mens used  for  this  phase  of  the  study  contained  internal  de- 
ficiencies implanted  in  the  diffusion  bonded  specimens  as 
described  in  Section  6. 

After  making  the  modifications  to  the  sensor  mounting  pro- 
cedure as  discussed  in  Section  5.1.1,  the  bonded  specimens 
were  tested. 

Single-Bonded/Single-Axis  Specimens  - Specimen  A3-2  had  a 
good  bond  with  7.727*  deformation  of  materials  during  bonding. 
Specimen  B3-2  had  a good  bond  with  2.1YL  optimum  deformation. 
However,  the  ultrasonic  inspection  of  these  specimens  shewed  that 
Specimen  A3-2  had  a better  bond  than  B3-2.  The  cumulative  acoustic 
emission  events  from  Specimen  A3-2  are  plotted  in  Figure  5.19. 

These  data  show  that  only  five  acoustic  emission  events  were 
emitted  prior  to  the  failure  segment  of  the  load.  During  failure, 
100  events  were  recorded.  The  amplitude  distribution  curve  (Fig. 
5.20)  presents  the  distribution  of  these  events  and  shows  that  the 
five  signals  emitted  during  the  yielding  of  the  specimen  were  only 
0 to  6 dB  or  less  above  the  threshold  of  the  instrumentation. 

The  cumulative  acoustic  emission  events  from  Specimen  B3-2 
are  present  in  graphic  form  in  Figure  5.21.  Several  acoustic 
signals  were  emitted  by  this  specimen  as  the  specimen  began  to 
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Material:  Heat  Cycled  at  1735°F  for  6 Hours 


Counts 


Figure  5.15  AEM  Characteristics  of  Tensile  Specimen  El-2 


Emission  Amplitude  (rav) 


Figure  5.16  Amplitude  Distribution  of  Emission  Signals  for  Specimen  El-2 
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Parent  Material:  Heat  Cycled  at  1775  F for  6 Hours 


■Figure  5.17  AEM  Characteristics  of  Tensile  Specimen  Fl-1 
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Figure  5.18  Amplitude  Distribution  of  Emission  Sign?'  for  Specimen  Fl-1 
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Figure  5.20  Amplitude  Distribution  of  Emission  Signals 
cor  Specimen  A3-2 
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Figure  5.21  A EM  Characteristics  of  Tensile  Specimen  B3-2 


'4 


yield.  A strong  indication  of  imminent  failure  was  observed  at 
the  peak  load  prior  to  actual  failure.  The  amplitude  distri- 
bution of  the  acoustic  emission  signals  from  this  specimen  (Fig. 
5.22)  shows  that  not  only  did  this  specimen  emit  a greater  num- 
ber of  signals  during  yield  than  it  did  during  failure,  but  the 
larger  amplitude  signals  were  emitted  during  the  yielding  period. 
The  acoustic  emission  data  from  Specimen  B3-2  show  that  debond- 
ing did  occur,  and  flaw  growth  was  present  during  yielding. 

Internal  Void  Specimen  - Specimen  13-3  contained  a 20-mil 
diameter  cylinder  void  in  the  bondline.  The  cumulative  acoustic 
emission  from  this  specimen  is  presented  in  Figure  5.23.  Acous- 
tic emissions  from  this  specimen  were  first  observed  at  3500  lbs 
and  continued  at  a slow  rate  until  the  yield  point  was  reached. 
Corresponding  to  the  yield  point  on  the  load  curve,  a rapid  in- 
crease in  emission  rate  occurred,  showing  rapid  flaw  growth  during 
this  period.  The  amplitude  distribucion  curves  for  Specimen 
13-3  are  presented  in  Figure  5.24.  The  difference  in  these  dis- 
tribution curves  for  the  three  load  periods  is  the  ratio  of  small 
amplitude  signal  to  large  amplitude  signal  during  failure  as 
compared  to  the  periods  before  and  during  yielding  of  the  speci- 
men. This  verifies  that  flaw  growth  did  occur  during  the  yield- 
ing of  the  specimen. 

Large  Alpha  Grain  Specimens  - Specimen  E3-3  had  large  pri- 
mary alpha  grains  prior  to  bonding  and  Specimen  F3-1  had  much 
larger  primary  alpha  grains  than  Specimen  E3-3.  The  cumulative 
acoustic  emissions  from  Specimen  E3-3  and  F3-1  are  presented  in 
Figure  5.25  and  5.26,  respectively.  The  acoustic  events  from 
Specimen  E3-3  began  at  a low  load  level.  The  rate  of  acoustic 
events  increased  rapidly  as  the  specimen  began  to  yield  and  con- 
tinued until  the  peak  load  was  reached.  Only  a few  emissions 
were  observed  during  the  last  half  of  the  yield  period  and  the 
acoustic  emission  rate  increased  greatly  during  the  failure 
period  of  this  specimen.  Specimen  F3-1  did  not  emit  any  de- 
tectable acoustic  emission  signals  until  it  was  well  into  the 
yield  period  on  the  load  curve.  However,  the  rate  of  emissions 
in  the  last  period  of  the  load  curve  was  very  similar  to  the 
acoustic  emission  rate  from  Specimen  E3-3  in  the  same  period. 

The  acoustic  emission  from  Specimen  E3-3  was  a factor  of  two 
higher  than  from  Specimen  F3-1  during  this  segment  of  the  loading 
period. 

The  amplitude  distribution  of  the  acoustic  emission  signals 
from  Specimens  E3-3  and  F3-1  is  plotted  in  Figures  5.27  and  5.28, 
respectively.  The  relative  amplitude  distribution  of  acoustic 
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Figure  5.22  Amplitude  Distribution  of  Emission  Signals  for  Specimen  B3-2 
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Figure  5.23  AEM  Characteristics  of  Tensile  Specimen  13-3 
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Figure  5.25  AEM  Characteristics  of  Tensile  Specimen  E3-3 
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Figure  5.26  AEM  Characteristics  of  Tensile  Specimen  F3-1 


Cumulative  Number  of  Events 


emission  events  from  these  two  specimens  is  similar  during  the 
yield  and  failure  segments  of  the  load  curves.  The  greater 
number  of  medium  and  large  amplitude  signals  occurred  during 
the  yielding  of  the  specimens. 

Multiple-Bond/3-Axes  Joint  Specimens  - Three  multiple-bond 
specimens  were  monitored  for  acoustic  emissions  during  this 
phase  of  the  study:  (1)  Specimen  A6-1  had  a good  bond; 

(2)  Specimen  H6-3  had  a small  defect  (d  = 0.01.8)  and  a partial 
bond  area;  and  (3)  Specimen  K-6  had  a type  304  stainless  steel 
inclusion  (d  = 0.025). 


The  accumulative  number  of  acoustic  emission  events  re- 
corded from  Specimen  A6-1  is  presented  in  Figure  5.29.  Speci- 
men A6-1  emitted  three  events  prior  to  the  yield  point  on  the 
load  curve.  There  were  two  rapid  changes  in  the  acoustic 
emission  rate  during  yield  of  the  specimen.  One  rapid  increase 
occurred  30  seconds  in  the  yield  period  and  another  occurred  as 
the  peak  load  was  reached.  More  than  50%  ;f  the  acoustic  emis- 
sion events  from  this  specimen  occurred  during  the  failure 
period.  The  amplitude  of  acoustic  emission  events  from  Specimen 
A6-1  is  presented  graphically  in  Figure  5.30.  It  should  be 
noted  that  some  medium  amplitude  signals  were  detected  during 
yielding.  However,  all  of  the  large  amplitude  signals  were 
emitted  during  failure  of  this  specimen. 

The  cumulative  number  of  acoustic  emission  events  from 
Specimen  H6-3  is  presented  in  Figure  5.31.  Specimen  H6-3 
emitted  60%  fewer  signals  than  Specimen  A6-1  before  failing  in 
a much  shorter  period  after  yield  began  than  did  Specimen  A6-1. 
The  greater  number  of  emissions  from  Specimen  H6-3  occurred 
during  the  short  yield  period;  however,  there  was  no  strong  in- 
dication of  failure  of  this  specimen  before  failure  occurred, 
either  from  the  acoustic  emission  monitoring  or  the  load  curve. 
The  amplitude  distribution  of  acoustic  emission  events  from 
Specimen  H6-3  is  presented  in  Figure  5.32.  These  curves  show 
that  all  acoustic  emission  signals  from  this  specimen  were  in 
the  6 to  24  dB  range.  Although  no  large  amplitude  signals  were 
observed,  the  slope  of  the  yield  period  curve  is  less  than  the 
slope  of  the  curve  for  signals  recorded  before  the  yield  point 
on  the  load  curve,  giving  some  indicatici  of  flaw  growth  prior 
to  failure. 

The  cumulative  acoustic  emission  events  from  Specimen  K6-3 
are  plotted  in  Figure  5.33.  This  data  plot  shows  that  the 
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.32  Amplitude  Distribution  of  Emission  Signals  for  Specimen  H6-3 
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acoustic  emission  events  were  emitted  at  a very  low  load  level 
and  the  acoustic  emission  rate  is  quite  constant.  These  signals 
occurring  at  this  load  level  from  an  unflawed  specimen  would 
give  suspicion  that  noise  signals  were  being  recorded  as  events. 
The  signals  may  have  been  from  the  stainless  steel  inclusion. 
Figure  5.34  is  a graphic  presentation  of  the  amplitude  distri- 
bution of  the  acoustic  emission  events  from  Specimen  K6-3. 

These  plots  show  that  many  large  signals  were  emitted  prior  to 
reaching  the  yield  stress  of  the  specimen.  The  printout  of 
the  amplitude  of  these  signals  showed  that  the  first  emission 
was  of  an  amplitude  of  12  to  18  dB  and  that  10  seconds  later 
a group  of  4 signals  was  emitted  with  one  signal  in  the  42-48 
dB  range.  Therefore,  an  early  detection  of  flaw  growth  in  this 
type  specimen  was  evident  by  acoustic  emission  monitoring. 

Specimen  D3-3  - Specimen  D3-3  was  cyclic  loaded  for  the 
number  of  cycles  over  the  load  ranges  tabulated  in  the  following 
table. 


i 

-i 


No.  of  Cycles 

2145 

204 

46 


Load  Range.  Lbs 

135  - 1095 
135  - 1200 
135  - 1245 


TV'  first  2100  cycles  were  at  a rate  of  2.5  cycles  per  minute. 

The  additional  cycles  at  the  higher  loads  were  at  a slower  rate 
of  1 cycle  per  45  seconds. 

During  the  first  2100  cycles,  the  loading  machine  gen- 
erated large  numbers  of  signals  which  were  counted  by  the 
acoustic  emission  monitoring  system.  These  acoustic  emission 
signals  were  in  the  6 to  12  dB  range  in  amplitude.  Most  of  the 
acoustic  signals  were  generated  in  the  mechanical  and  electrical 
system  of  the  loading  machine. 

After  grounding  the  loading  machine  and  operating  the 
machine  in  the  cyclic  mode,  the  specimen  was  cycled  at  the  135 
to  1095  load  level  for  45  additional  cycles.  During  these  45 
cycles,  7 acoustic  signals  were  recorded  as  events.  These 
signals  were  all  in  the  0-6  dB  range. 

The  specimen  was  then  cycled  an  additional  204  cycles  at 
a load  range  of  135  to  1200  lbs.  During  these  204  cycles,  121 
acoustic  emission  events  were  recorded.  These  events  occurred 
at  random  load  levels.  One  of  the  most  constant  signal  generators 


3 


? 


1 


73 


iniiimiiiiiiimiiiBwi 
IHHmBMBlIlfifBIgas 
MWB«ijgnHagi||pi 

isBiniiiinnmfHHi 


BBSS 


ml 


11  nil 


■iiiiiS 

i mi  imiiiiiiiiM  ■■■■■hmmI 
i uni  it  iiHjyiiiiniaBi 

iim  iiilii  iiiniiirniiiii 
[DU  iiiiiiniiiiiiniiiHBa 


CSSiC 


IHH 

1HSI8H1S0: 


SEsEEssrsl 


Ssssssss: 


PP  >!!■ 
nllm  (ill 


immmammmmmm 


■ bh9II9Hu4 

t'jrnica  ::::::::::  I 


i 


HiihiiimimaiBM 

|ijjjimi|iggg|m||||| 


s^uaAg  jo  aaquinN  aA-pex™®^ 


J 


74 


0.1  1 

Emission  Amplitude  (mv) 

Figure  5.34  Amplitude  Distribution  of  Emission  Signals  for  Specimen  K6-3 


* V 

! 

during  this  test  was  the  relay  switch  which  controlled  the  cy-  4 J 

cling.  Fourteen  signals  were  generated  at  the  highest  load  f : 

level  and  19  at  the  lowest  load  level.  These  signals  were  ob-  | j 

served  at  the  click  of  the  relay  switch.  4 1 

i 1 

The  amplitude  of  these  signals  was  distributed  as  follows:  ; \ 

3 signals,  12-18  dB;  9 signals,  6-12  dB;  and  209  signals,  0-6  dB.  ; 

This  specimen  was  cycled  an  additional  46  cycles  at  a load  . ; 

range  of  135-1243  lbs.  During  these  cycles,  83  acoustic  sig-  ' I 

nals  were  observed.  These  signals  were  at  random  positions  J 

on  the  loading  Jnd  unloading  cycles.  The  amplitude  of  these  83  < 

signals  was  two  in  the  6-12  dB  range  and  81  in  the  G-6  dB  range 
above  threshold  of  the  instrumental. 


After  Specimen  D3-3  had  been  cyclic  loaded  as  discussed 
above,  it  was  ramp  loaded  to  failure.  The  cumulative  acoustic 
emission  events  from  this  specimen  are  presented  in  Figure  5.35. 

Specimen  D3-3  emitted  fewer  acoustic  signals  than  the  other 
specimens.  Also,  the  load  curve  shows  a sharp  knee  at  the  yield 
point  indicating  some  fatigue.  The  amplitude  distribution  of 
the  acoustic  emissions  from  Specimen  D3-3  is  plotted  in  Figure 
5.36.  These  data  show  that  no  signals  were  emitted  prior  to 
failure  that  had  an  amplitude  above  6 dB. 

In  summary,  it  was  determined  that  all  the  parent  material  , 

specimens  and  the  two  optimum  bond  specimens  (Specimens  A3-2 
and  A6-1)  emitted  the  large  amplitude  signals  during  failure  j 

or  in  the  last  five  seconds.  Those  specimens  having  flaws  or  ■ 

partial  bonds  emitted  large  amplitude  signals  during  the  yield  | 

period.  The  one  exception  to  the  above  statements  was  Specimen  ! 

K6-3.  Specimen  K6-3  emitted  the  largest  amplitude  signals  during  | 

the  period  prior  to  the  beginning  of  yield  on  the  load  curve.  { 

Thus,  those  specimens  having  some  type  of  defect  emitted  acous-  \ 

tic  emissions  of  an  amplitude  large  enough  to  indicate  critical  ? 

defect  prior  to  failure,  I 

5.1.3  Conclusions  \ 

i 

To  obtain  meaningful  data  from  this  type  of  specimen  in  < 

real  time,  the  experimenter  must  establish  a low-noise-to-event  .• 

ratio.  I 

i 

i 

When  collet-type  specimen  groups  are  used,  some  type  of  J 

noise  rejection  is  required  to  obtain  useful  data. 


Cumulative  Number  of  Events 


Figure 


10 


0.05 


0.1 


Emission  Amplitude  (mv) 


5.36  Amplitude  Distribution  of  Emission  Signals  for  Specimen  D3-3 
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The  amplitude  distribution  of  the  acoustic  emissions  from 
a specimen  test  can  be  useful  in  determining  the  criticality 
of  defects  in  materials  during  structural  test. 

Flaws,  debonding,  and  inclusions  are  detectable  by  acous- 
tic emission  monitoring  in  the  type  of  material  used  in  this 
study. 

More  specimens  having  the  same  type  flaw  should  be  moni- 
tored to  establish  reproducibility. 

No  discernible  differences  were  observed  in  the  charac- 
teristics of  acoustic  emission  signals  from  the  "as-received” 
material  and  the  heat  treated  material. 

5.2  Grain  Size  Variations  vs  Attenuation 


5.2,1  Attenuation  Theory 

In  view  of  the  fact  that  the  attenuation,  particularly 
the  scattering  in  a material,  is  one  of  the  main  difficulties 
encountered  in  ultrasonic  testing,  it  is  of  practical  importance 
to  be  able  tc  estimate  the  influence  of  the  crystal  structure 
on  the  attenuation. 

The  attenuation  in  a material  can  be  divided. into  two 
parts  (Ref . 8 ), 


0 ’°A  +as  (1) 

where  a.  is  the  attenuation  due  to  absorption  or  the  direct 
conversion  of  sound  energy  into  heat.  This  attenuation  can  be 
written 


«A  “ C^f  (2) 

where  G,  is  a constant  unaffected  by  grain  size  and  anisotropy. 
The  attenuation  due  to  scattering  results  from  material  not 
being  homogeneous . Metals  contain  boundaries  on  which  the 
acoustic  impedance  changes  abruptly  because  two  materials  oc 
different  density  or  sound  velocity  meet  at  these  interfaces. 

For  frequency  ranges  where  grain  size  l/1000th  to  l/100th 
wavelength,  scattering  is  negligible.  It  increases  very 
rapidly,  however,  approximately  as  the  3rd  power  of  the  grain 
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size,  to  make  itself  felt  at  sizes  from  l/10th  to  the  full 
value  of  the  wavelength.  For  the  grain  size  much  less  than 
the  wavelength, 

"s  ’C2  FA  DK  fA  (V<X>  (3) 

where  is  the  gram  size,  F.  is  an  anisotropy  factor,  C ^ is 
a constant  and  f is  the  frequency. 

5.2.2  Attenuation  Measurement  Technique 

The  feasibility  of  using  ultrasonic  attenuation  measure- 
ments to  determine  grain  size  variations  in  titanium  alloys 
was  examined.  Effects  of  anisotropy  in  grain  structure  were 
also  studied.  The  buffer  rod  method  proposed  by  Papadakis 
(Ref.  9 ) was  utilized. 

This  method  requires  the  measurement  of  the  first  buffer- 
sample  reflection  amplitude  (A) , the  first  sample  back  reflec- 
tion (B) , and  the  second  sample  back  reflection  (C).  Figure 
5.37  is  a diagram  of  fie  reflections  giving  rise  to  echoes  of 
amplitude  A,  B,  and  C. 

In  this  situation,  the  relative  amplitudes  A,  B,  and  C 

are 


A **  R 

B - (1  - R2)e 
C * R(1  - R2)e 


-2QL 

-4qL 


where 


R = reflection  coefficient  at  the  buffer-sample  inter- 
face, 

o * ultrasonic  attenuation  (neper/unit  length) 

and 


L * length  of  the  sample, 
from  the  abcve  equations,  one  can  derive 
R = AC/ (1  + AC)  ** 
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ti'.d 


a = (l/2L)in(R/C) 


where 


A « A/B  and  C - C/B. 


The  waveform  analysis  sytem  described  in  Appendix  B of  Refer- 
ence 6 was  programmed  to  (a)  extract  the  peak-to-peak  pulse 
amplitudes  A,  B,  and  C from  the  digitized  waveforms  and  (b)  cal- 
culate the  reflection  coefficient  R and  attenuation  a . 


5.2.3  Experimental  Setup 

The  buffer  rod  system  consisted  of  a plexiglas  block  hous- 
ing transducers  of  different  sizes.  The  transducer  was  coupled 
to  the  sample  via  a cylindrical  cavity  filled  with  light  machine 
oil  (see  Figure  5.38).  Three  different  types  of  transducers 
were  used.  These  transducers  are  listed  below. 

1.  1.0  MHz/. 500  SFZ  57A2439,  Automation  Industries. 

2.  2.25  MHz/. 375  SFZ  57A2275,  Automation  Industries. 

3.  10.0  MHz/. 250  SFZ  57A5623,  Automation  Industries. 

A Panametrics  Model  5050  PR  Ultrasonic  Pulser/Receiver  was 
used  in  conjunction  with  these  transducers.  The  power  output 
using  the  Panametrics  Model  5050  PR  Pulser/Receiver  with  the 
three  transducers  was  measured.  The  response  of  the  2.25  MHz 
transducer  is  shown  in  Figure  5.39. 

5.2.4  Experimental  Measurements 

Ultrasonic  attenuation  measurements  were  made  on  speci- 
mens having  different  primary  alpha  grain  sizes  and  different 
orientations  with  respect  to  the  rolling  direction  of  the 
original  plate  material,  prior  to  bonding.  The  results  of 
these  attenuation  measurements  are  shown  in  Table  5.2. 

In  general,  only  a slight  increase  in  attenuation* was  observed 
in  the  larger  grain  sized  material.  In  Figure  5.  40,  the 
attenuation  is  plotted  as  a function  of  alpha  grain  size  after 
bonding.  As  noted  earlier,  the  attenuation  due  to  scattering 
is  strongly  dependent  on  the  ratio  of  grain  size  to  wavelength. 
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*******. 


Output  vs.  Frequency  for  a 2.25  MHz/. 375  Dia  Transducer 


In  the  material  used  in  these  experiments,  the  ratio  of 
average  grain  size  to  wavelength  was  cu  1/50,  thus  attenuation 
due  to  scattering  should  not  be  too  prominent. 


No  significant  changes  in  attenuation  were  measured  in 
specimens  having  different  orientations  with  respect  to  the 
rolling  direction.  The  effect  of  the  bonding  cycle  on  samples 
having  grain  orientation  differences  between  mating  parts  prior 
to  bonding  was  to  make  differences  in  texture  practically 
impossible  to  observe  due  to  equiaxed  alpha  grains  being  present 
after  bonding.  Thus,  no  significant  changes  would  be  expected. 


5.2.5  Other  Titanium  Alloys 


Attenuation  measurements  were  also  made  on  two  other 
6A1-4V  titanium  alloy  types.  The  first  had  properties  conform- 
ing to  Specification  MIL-T-9G46C,  Class  II,  with  mechanical 
properties  and  microstructure  .similar  to  the  material  corresponding 
to  North  American  Rockwell  Specification  ST0170LB0032.  The  other 
6A1-4V  titanium  alloy  material  came  from  a forging,  which  had  been 
procured  in  the  beta-forged  condition.  This  material  had  sub- 
stantially larger  beta  grains  of  the  order  of  .6  mm  average 
diameter. 


Attenuation  measurements  were  also  made  on  a Beta  III 
titanium  specimen  which  had  been  aged  at  1000°F  for  8 hours.  The 
average  beta  grain  size  in  this  material  was  approximately  the 
same  as  that  of  the  beta  forged  6A1-4V  titanium  material. 

Results  of  the  attenuation  measurements  jsing  different 
frequency  transducers  are  shown  in  Figure  5.41.  The  effect 
of  the  large  beta  grains  in  the  beta  forged  Ti-6A1-4V  and 
Beta  III  titanium  material  can  be  observed  in  the  attenuation 
at  higher  frequencies.  However  at  1 MHz,  less  spread  is 
obtained  between  the  different  types  of  material. 
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Table  5.2  ULTRASONIC  ATTENUATION  IN  DimiSION  BONDED  AND  PARENT  BEAT  CYCLED  T1-6A1-4V 
SPECIMENS  WITH  DIFFERENT  ROLLING  ORIENTATIONS  AND  PRIMARY  ALPHA  CRAIN  SIZES 


Attentuatlon  { Neper a /inch) 


pec  lawn  Nuaber 

Condition  k Rolling  Direction 

Top 

Center 

BOttOM 

Average 

P2-A 

Parent  Heat  Cycled 

.267 

.301 

.251 

. r? 

E2 

Parent  Heat  Cycled 

.370 

.339 

.353 

.354 

F2 

Parent  Heat  Cycled 

.324 

.357 

.359 

.347 

A3 

Single  Bond 

.323 

,311 

.300 

.311 

P3-B 

Single  Bond 

.317 

.315 

.316 

.316 

E3 

Single  Bend 

.319 

.337’ 

.353 

.337 

R3-A 

Single  Bond 

.344 

.376 

.343 

.354 

A4 

Double  Bond 

.336 

.286 

.331 

.318 

D4 

Double  Bond 

.343 

.332 

.325 

.333 

E4 

Double  Bond 

.322 

.303 

.321 

.315 

F4 

Double  Bond 

.334 

.312 

.319 

.322 

P5-A 

Multiple  Bond/Double  Axes 

.336 

.357 

.390 

.361 

Q5-B 

.333 

.379 

.349 

.354 

R5-A 

.384 

.383 

.385 

.384 

P6-A 

Miltiple  Bond/Three  Axes 

.348 

.360 

.375 

.361 

Q6-A 

.330 

.392 

.336 

.353 

F6 

.334 

.378 

.335 

.350 

1 

Data  taken  with  a 10  MHz  Transducer 
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6.  BOND  TESTING 


6.1  Sample  Preparation 

Diffusion  bonded  specimen  configurations  and  sectioning 
diagrams  are  given  in  Figures  6.1  and  6.2.  Prior  to  any 
fabrication  step,  the  laminate  details  were  laid  out  on  the 
plate  material  and  coded  alphanumericaily  to  indicate: 

1.  Original  location  within  the  plate; 

2.  Rolling  direction  (which  is  maintained  through- 
out the  machining  steps); 

3.  Type  of  test  specimen  (static  tensile,  fatigue, 
etc.) . 

The  fabrication  steps  followed  were: 

Diffusion  Bonded  Specimens 

1.  Saw  cut  to  rough  dimensions. 

2.  Heat  treat  in  vacuum  furnace  to  obtain  required 
grain  size  variation. 

3.  Mill  to  bonding  dimensions. 

4.  Measure  surface  finish. 

5.  Etch. 

6.  Insert  and  catalogue  intentional  deficiencies 
(as  determined  from  survey) . 

7.  Bond  at  1700°F,  6 hours,  deformation  as  required. 

8.  Saw  cut  rough  specimens. 

9.  Machine  specimen  blank. 

10.  Bond  line  metallography 

11.  Machine  test  specimen. 

Heat  Cycled  Specimens 

1.  Saw  cut  test  specimen  blanks 

2.  Heat  cycle  at  DB  time  and  temperature. 

3.  Machine  final  test  specimen 

Parent  Material  Specimens 

1.  Saw  cut  test  specimen  blanks. 

2.  Machine  final  test  specimen. 


i 
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6.1.1  Diffusion  Bonding  Procedures 


The  different  diffusion  bonded  specimen  configurations 
from  which  tensile  and  fatigue  samples  were  subsequently 
machined  are  shown  in  Figure  6.  1 and  6.2. 

Bonding  temperature  and  time  were  held  constant  as  bond 
quality  was  varied  by  changing  the  total  amount  of  deformation 
received  or  by  insertion  of  artificial  deficiencies.  Based  on 
previous  studies  of  the  optimum  bonding  parameters  for 
Ti  6A1-4V  (Ref.  1 ),  samples  were  bonded  at  1700°F  for  6 

hours.  For  the  single-bond/single-axis  and  double-bond/single- 
axis  joints,  total  deformations  greater  than  37*  were  obtained 
under  optimum  bonding  conditions.  In  two  axes  and  three  axes 
joints,  bond  quality  in  terms  of  deformation  is  less  clearly 
defined.  In  making  the  multiple-bond/2 -axes  specimens, 
wedge  tooling  was  designed  such  that  the  required  deformation 
was  first  obtained  along  the  longitudinal  direction  followed 
by  deformation  through  the  thickness. 

In  the  multiple-bond/3-axes  specimens,  very  little 
change  in  dimension  was  obtained  in  the  longitudinal  and 
long  transverse  directions.  The  tooling  was  designed  such 
that  the  sides  of  the  3-axes  specimens  are  constrained  during 
pressure  application.  Approximately  57*  deformation  was  ob- 
tained through  the  thickness  of  the  material  under  optimum 
conditions.  The  amount  of  pressure  applied  was  a function 
of  deformation  rate  and  deformation  desired  during  the  bond 
cycle.  Ninety  percent  of  the  desired  deformation  was  applied 
to  all  of  the  specimens  during  the  first  hour  of  pressure 
application.  A residual  pressure  was  then  maintained  on  the 
specimen  for  the  rest  of  the  cycle  which  wa^s  determined  by 
the  creep  rate  desired.  Vacuums  in  the  10  torr  range  were 
maintained  in  the  vacuum  furnace  throughout  the  bonding  cycle. 

The  surface  finish  was  measured  on  all  bonding  surfaces 
prior  to  bonding.  A Bendix  Profilometer  was  used  to  measure 
all  surface  finishes  while  selected  surfaces  were  also  checked 
with  a Bendix  Proficorder.  Surface  finishes  better  than  65 
RMS  were  required  on  all  surfaces  to  be  bonded.  Milled  sur- 
faces having  greater  than  62  RMS  surface  were  sanded  lightly 
with  320  grit  sandpaper  to  improve  the  surface  finish.  All 
surface  finishes  measured  between  10  RMS  and  60  RMS  after 
this  procedure. 


88 


>rWi  rUfc. 


Wiftwmii  a.*,!.*  jytiw  V&ii&L&i# 


The  Ti  6A1-4V  cleaning  procedure  used  has  been  described 
previously  (Ref , 1 ) . 


Assembly  Procedure  and  Toolin* 


The  assembly  procedure  for  bonding  the  single-bond/ single- 
axis  and  double-bond/single-axis  consisted  of  loading  six  sets 
of  specimens  in  the  vacuum  furnace  along  with  two  parent 
material  specimens  to  be  cycled.  Nc  tooling  was  required  in 
bonding  these  specimens.  A thermocouple  was  embedded  in  one 
of  the  1-inch  thick  Ti  6A1-4V  pieces  to  be  bended.  In  bonding 
the  multiple-bond/2-axes  joints,  two  sets  of  wedge  tooling 
shown  in  Figure  6.3  were  loaded  into  the  vacuum  furnace.  The 
thermocouple  was  embedded  in  the  wedge  tooling  near  the  middle 
of  the  titanium  specimen  to  be  bonded.  In  bonding  the  raultiple- 
bond/3-axes  joints,  one  set  of  wedge  tooling  shown  in  Figure  6.4 
was  loaded  in  the  furance.  Again,  the  thermocouple  was  embedded 
in  the  wedge  tooling  near  the  middle  of  the  titanium  specimen 
to  be  bonded. 


6.1.2  Production  of  Intentional  Deficiencies 

A specimen  parameter  matrix  (Table  6-1)  was  established 
which  included  four  different  types  of  deficiencies:  (a) 

bonding  parameter  variations,  (b)  grain  size  variations  and 
orientation  effects,  (c)  void  defects,  and  (d)  contamination. 
The  program  can  thus  be  separated  into  four  phases.  In  each 
phase  of  the  program,  one  particular  deficiency  was  varied 
while  holding  all  other  deficiency  parameters  constant. 

The  various  types  of  deficiencies  are  based  on  the  diffu- 
sion bonding  survey  described  in  Section  3. 


Phase  X - Bond ing  Parameter  Vari a t ion s 


In  this  phase  of  the  program,  defects  were  introduced  in 
the  form  of  less  than  optimum  bonding  conditions.  These  condi- 
tions were  produced  by  giving  the  deficient  specimens  insuffi- 
cient deformation.  Total  deformations  recei/ed  by  these  samples 
are  shown  in  Tables  6.2,3  &.4  . All  samples  were  oriented  sxich 
that  the  long  axis  of  the  tensile  and  notched  fatigue  specimens 
were  parallel  to  the  rolling  direction  of  the  material. 
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Table  0.1  TEST  SPECIMEN  PARAMETER  MATRIX  & QUANTITIES 


3 

M 

CO 

§ 

H 


g 

p 


3 


M 

CO 


H 


g 

O 


Parent 

Parent 

Single 

Multiple  Bond  1 

Specimen  Type 

AR* 

T/C** 

Bond 

nrrrfi 

BR33M 

2 

3 

4 

5 

6 

Bonding  Parameters 

1700°F,  6 hrs,  7%  def. 

A 

3 

3 

3 

3 

3 

1700°F,  6 hrs,  2%7.  def. 

3 

3 

3 

3 

3 

3 

1700°F,  6 hrs,  1*7.  def. 

C 

3 

3 

3 

3 

3 

Grain  Size 

AR  (ASTM  Size  10) 

D 

3 

3 

3 

3 

3 

3 

2 x AR  (ASTM  Size  9) 

E 

3 

3 

3 

3 

3 

3 

4 x AR  (ASTM  Size  7.5) 

F 

3 

3 

3 

3 

3 

3 

Surface  Finish 

0.0065"d  x 0.006"  deep 

G 

1 

3 

3 

3 

3 

0.010"d  x 0.010"  deep 

H 

1 

3 

3 

3 

3 

0.G20"d  x 0.020"  deep 

I 

1 

3 

3 

3 

3 

Surface  Contamination 

a Case  Layer 

J 

1 

3 

3 

3 

3 

St. Steel  Enclusion 

K 

1 

3 

3 

3 

3 

Si02  Enclusion 

L 

1 

3 

3 

3 

3 

Bonding  Parameters 

1700°F,  6 hrs,  7%  def. 

M 

25 

6 

6 

6 

6 

1700°F,  6 hrs,  2%7.  def. 

N 

6 

6 

6 

6 

6 

1700°F,  6 hrs,  1 %%  def. 

C 

6 

6 

6 

6 

6 

Grain  Size 

l 

i 

AR  (ASTM  Size  10) 

P 

6 

6 

6 

6 

6 

2 x AR  (ASTM  Size  9) 

Q 

6 

6 

6 

6 

6 

4 x AR  (ASTM  Size  7.5) 

R 

6 

6 

6 

• 6 

6 

Surface  Finish 

0.0065"d  x 0.006"  deep 

S 

6 

6 

6 

6 

6 

0.010"d  x 0.010'’  deep 

T 

6 

6 

6 

6 

6 

0„020"d  x 0.020"  deep 

U 

6 

6 

6 

6 

6 

Surface  Contamination 

o Case  Layer 

V 

6 

6 

6 

6 

6 

St. Steel  Enclusion 

W 

6 

6 

6 

6 

6 

Si02  Enclusion 

X 

6 

6 

6 

6 

6 

As -Received 

II  RD 

y 

6 

-'•RD 

z 

6 

As-Received 

i;  RD 

AA 

.i.RD 

AB 

6 

•f*  *frib 

AR  * As -Received  T/C  “ DB  Thermal  Cycle 
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Phase  IX  - Grain  Size  Variations  and  Orientation  Effect s 


In  a series  of  experiments,  sai.ples  having  different  sized 
primary  alpha  grains  were  bonded  under  optimum  bonding  condi- 
tions (1700  F for  6 hours,  « 5%  total  deformation).  Problems 
concerning  grain  orientation  differences  between  mating  parts 
(e.g.,  perpendicular  orientation  of  rolling  directions)  were 
also  studied  in  Phase  II.  As  shown  in  Table  6.5  , specimens 
having  rolling  directions  perpendicular  to  each  other  were 
bonded  together. 

In  making  the  single-bond/single-axis  and  double-bond/ 
single-axis  specimens,  1"  Ti  6A1-4V  plate  was  used.  Before 
bonding,  the  micro structure  of  specimens  D3,  D4,  P3-A,  P3-B, 
P4-A,  and  P4-B  consisted  of  elongated  alpha  grains  in  a matrix 
of  transformed  beta.  The  typical  microstructure  is  shown  in 
Figure  6,5^  The  average  number  of  grains  per  cubic  millimeter 
is  lx  10°,  as  determined  by  the  intercept  procedure  (Ref.  10). 
This  corresponds  to  ASTM  Micro-Grain  size  Number  10. 

Prior  to  bonding,  specimens  E3,  E4,  Q3-A,  Q3-B,  Q4-A, 
and  Q4-B  were  heated  at  1735  F for  6 hours  in  a vacuum  furnace, 
followed  by  furnace  cooling.  The  material  heated  at  1735°F 
for  6 hours  has  a micro structure  closely  resembling  that  of 
the  material  in  the  recrystallized-annealed  (RA)  condition. 

The  microstructure  is  shown  in  Figure  6.6.  The  structure 
consists  of  nearly  equiaxed  primary  alpha  grains  with  inter- 
granular beta.  The  average  number  of  grains  per  cubic  milli- 
meter is  0.25  x 106„  This  corresponds  to  ASTM  size  number  9. 

Specimens  F3,  F4>  R3-A,  R3-B,  R4-A,  and  R4-B  were  heated 
at  1775  F for  6 hours  prior  to  bonding.  The  microstructure 
of  this  material  is  shown  in  Figure  6.7.  This  material  shows 
grains  of  primary  alpha  in  a matrix  of  transformed  beta  con- 
taining acicular  alpha.  The  average  diameter  of  the  primary 
alpha  grains  was  0.25  mm,  (64,000  grains  per  cubic  millimeter) 
corresponding  to  ASTM  size  number  7.5. 

In  making  the  multiple-bond/2-axes  specimens  and  multiple- 
bond/3-axis  specimens,  %"  Ti  6A1-4V  plate  was  used.  The  typical 
microstructure  of  this  material  is  shown  in  Figure  6.8.  This 
microstructure  consists  of  elongated  alpha  grains  in  a matrix 
of  transformed  beta.  The  average  grain  size  of  the  as-received 
material  is  6 or  0.006  mm  average  diameter.  This  corresponds 
to  ASTM  M-  :ro-Grain  Size  Number  11 : The  grains  are  very 

elongated,  however,  making  accurate  readings  very  difficult. 
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Table  6.5  (cont'd) 


Insufficient  deformation  obtained  during  the  bonding  cycle 


RMI  MATERIAL 
H.T.  890204-02- 1A 
CENTER  OF  MATERIAL 
AS-RECEIVED 
100X  MAG 


RMI  MATERIAL 
H.T.  890204-02-1A 
CENTER  OF  MATERIAL 
AS -RECEIVED 
500X  MAG 


Figure  6.5  Photomicrographs  of  Center  of  1-inch  Ti  6A1-4V  Place, 
Annealed,  Longitudinal  Direction 
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Figure  6.6  Photomicrograph  of  1-inch  Ti-6A1-4V  Hate, 
Heated  at  1735°F  for  6 Hours 
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RMI  MATERIAL 
H»T,  890204-02-1A 
CENTER  OF  MATERIAL 
AS -RECEIVED 
100X  MAG 


I 


i 


6 


RMI  MATERIAL 
H.T,  890204-02-lA 
CENTER  OF  MATERIAL 
AS-RECEIVED 
500X  MAG 


Figure  6.8  Photomicrographs  of  Central  Interior  of  %-inch  Ti  6A1- 
4V  Plate,  Annealed 
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RMI  MATERIAL 
H.T.  89Q225-03-1A 
SURFACE  OF  MATERIAL 
LAB  R.A. 

100X  MAG 


* 


Figure  6.9 


Photomicrographs  of  ^-inch  Ti  6A1-4V  Plate,  Condition 
Lab  RA  per  NAR  Spec  STO-170-LBO-032,  Rev.  E 
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Prior  to  bonding,  specimens  E5,  Q5-A,  Q5-B,  Eo,  Q6~A,  and 
Q6-B  were  heated  at  1750°F  for  6 hours  in  a vacuum  furnace, 
followed  by  furnace  cooling.  This  material  has  a microstructure 
closely  resembling  that  of  the  material  in  the  recrystallized- 
annealed  (RA)  condition.  Its  microstructure  is  shown  in  Figure 
6.9.  The  structure  consists  of  nearly  equiaxed  primary  alpha 
grains  with  intergranular  beta.  The  average  grain  diameter  is 
0.020  mm  corresponding  to  ASTM  Micro-Grain  Size  Number  8. 


at 


Specimens  F5,  R5-A,  R5-B,  F6,  R6-A,  and  R6*B  were  heated 
1790  F for  6 hours  prior  to  bonding.  This  material  shows 


grains  of  primary  alpha  in  a matrix  of  transformed  beta  con- 
taining acicular  alpha.  The  average  grain  size  of  this  material 
corresponds  to  ASTM  Micro-Grain  Size  Number  7. 


Phase  III  - Surface  Defects  (Voids) 

In  this  phase  of  the  program,  defects  in  the  form  of  voids 
at  the  bond  plane  were  introduced.  In  the  single-bond/single- 
axis  and  double-bond/single-axis  joints,  cylindrical  voids  with 
a length/diameter  ratio  «1  were  intentionally  placed  in  the  bond 
plane.  As  shown  in  Figure  6.10, these  voids  were  uniformly  placed 
on  the  bonding  surfaces  of  -B  specimens.  In  the  single-bond/ 
single-axis  joints,  a total  of  3 voids  was  intentionally  placed, 
while  in  the  double-bond/single-axis  joints,  a total  of  12  voids 
was  made.  In  the  double-bond/single-axis  specimens,  four  voids 
were  spaced  along  a circle  of  diameter  3/16  in.  at  each  of  the 
positions  shown  in  Figure  6.11. 


Void  diameters  used  were  0.0065,  0.010,  and  0.020  in., 
respectively.  Void  depths  are  shown  in  Table  6.6.  In  making 
the  0.0065-  and  0.010- in.  diameter  voids,  tantulum  and  tungsten 
wires  of  0.005-  and  0.010-in,  diameter,  respectively,  were  used. 
These  wires  were  attached  to  a Servomet  Spark  Machine,  Type  SMD 
(Metals  Research  Ltd.,  Cambridge,  England).  Strain-free  drilling 
of  small  holes  is  obtained  by  this  procedure.  A small  drill  was 
used  in  making  the  0.020-in.  diameter  voids. 

In  the  multiple-bond/2-axes  specimens,  voids  were  intro- 
duced in  the  form  of  chamfers.  The  back  of  the  top  bonding 
surfaces  of  the  ( )5-B  mating  parts  were  leveled  as  shown  in 
Figure  6.12.  The  dimensions  of  the  removed  material  are  shown 
in  Table  6.7.  The  chamfering  was  done  by  filing  under  a 
microscope  at  100X  magnification. 
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In  making  inclusions  in  the  multiple-bond/ three -axes 
specimens,  voids  were  introduced  in  the  form  of  chamfered 
edges.  The  placement  of  tnese  voids  is  shown  in  Figure  6.13. 
The  dimensions  of  these  voids  are  shown  in  Table  6.8. 

Phase  IV  - Contamination 


In  this  phase  of  the  program,  defects  in  the  form  of 
contamination  at  the  bond  plane  were  used.  The  types  of  con- 
tamination used  were:  (a)  alpha  case  layer,  (b)  inclusions 

in  the  form  of  stainless  steel  and  SK^  powders. 

(a)  Alpha  Case:  Ajt  elevated  temperatures,  titanium 

alloys  have  a strong  affinity  for  the  elements,  oxygen  and 
nitrogen.  These  elements  will  dissolve  in  high  percentages 
in  alpha  titanium,  causing  an  embrittled  surface  layer 
(alpha  case)  which  can  thus  cause  cracking.  Oxygen  contamina- 
tion occurs  when  parts  are  heated  in  air  at  temperatures  above 
approximately  1000°F.  The  depth  of  the  alpha-case  is  dependent 
on  both  temperature  and  time  at  temperature.  This  layer  can 
also  be  formed  when  parts  are  heated  in  a relatively  poor 
vacuum. 

Defects  consisting  og  an  alpha  case  layer  were  formed  by 
heating  specimens  at  1450  F for  6 hours  in  an  air  furnace. 

The  outer  scale  composed  mainly  of  Ti0„  was  then  removed  leaving 
a layer  of  alpha  case.  X-ray  diffraction  and  microhardness 
measurements  indicate  an  alpha  case  depth  of  ~0.G02  in.  The. 
microhardness  as  a function  of  depth  below  the  exposed  surface 
is  shown  in  Figure  6.14. 

In  making  the  alpha  case  defects  in  the  single-bond/single- 
axis  and  double-bond/single-axis  specimens,  three  different 
areas  spaced  an  equal  distance  apart  were  masked  off  such  that 
chemical  milling  would  not  remove  these  areas.  The  remainder 
of  the  bonding  surface  was  then  chemically  milled  in  a 5%  HF  - 
35%  HNO^  titanium  etching  solution.  This  procedure  left  a 
much  larger  alpha  case  layer  at  the  three  masked  areas.  The 
dimensions  of  these  areas  are  shown  in  Table  6.9.  A similar 
procedure  was  used  in  making  alpha  case  defects  in  the  multiple- 
bond/two-axes  specimens.  The  placement  of  these  defects  are 
shown  in  Figure  6.15.  In  the  multiple -bond/ three-axes  specimens, 
no  masking  was  done.  The  -A,  -B,  -C,  -D  (See  Figure  6.13),  were 
heated  at  1450°F  for  6 hours.  After  heating,  the  TiO-  layer 
was  removed  by  grit  blasting.  Samples  were  then  sanded  to  give 
the  required  surface  finish. 
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Figure  6.14  Microhardness  vs.  Depth  Below  an  Exposed  Surface 
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(b)  Inclusions:  Type  304/Stainless  Steel  was  selected 

as  a contaminant  since  ferrous  inclusions  from  the  tooling 
material  could  possibly  get  into  the  areas  to  be  bonded 
either  during  assembly  of  the  parts  or  during  the  bonding 
cycle  itself. 

Si02  was  chosen  because  it  is  typical  of  a ceramic  in- 
clusion and  is  a form  of  particulate  contamination  (e.g., 
alumina,  silica,  airborne  particles,  parting  agents,  etc.). 

Like  contamination  due  to  ferrous  inclusions,  parting  agents, 
etc.  could  inadvertently  get  into  bonding  areas. 

For  single-bond/single-axis  and  double-bond/single-axis 
specimens  containing  contamination  in  the  form  of  Type  304 
Stainless  Steel  and  Si0?  powers,  voids  were  first  made  in 
the  same  procedure  as  used  for  single  bond-single  axis  joints 
in  Phase  III.  These  voids  were  then  filled  with  stainless 
steel  and  Si0„  powders.  The  diameter  and  depth  of  the  defects 
are  given  in  Table  6.9. 

In  the  multiple-bond/two-axes  specimens,  voids  were  first 
placed  in  the  ( )5-B  parts  at  the  positions  shown  in  Figure  6.16. 
The  holes  were  then  packed  with  powder.  The  dimensions  of  the 
holes  are  shown  in  Table  6.10.  The  holes  were  placed  as  near 
the  back  of  the  ( )5-B  parts  as  possible. 

In  the  multiple -bond/ three-axes  specimens,  voids  were 
made  in  the  form  of  chamfered  edges  as  shown  in  Figure  6.13. 

These  voids  were  then  packed  with  powder.  The  dimensions  of 
the  defects  are  shown  in  Table  6.10. 
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6.1.3  Verification  of  Defects 

Diffusion  bonded  single-bond/single-axis  arid  double-bond/ 
single-axis  joints  containing  defects  in  the  form  of  voids  and 
different  types  of  contamination  were  sectioned  to  determine  the 
effect  of  bonding  on  the  size  and  shape  of  these  defects. 

The  specimens  were: 

M-4B  - Optimum  Bonding  Parameters 

B-3  - 2 %%  Deformation 

C-3  - 1%%  Deformation 

H-4  - 0.010"  Dia.  x 0.010"  Deep  Voids 

J*4  - Alpha  Case  Layer 

K-3  - St.  Steel  Inclusion 

L-3  - Silica  Inclusion 

P-4B  - Grain  Size  A STM  10 

Q-4B  - Grain  Size  ASTM  9 

R-4B  - Grain  Size  ASTM  7.5 

Procedure 

The  diffusion  bonded  specimens  were  sectioned  longitudinally 
(perpendicular  to  the  bond  plane)  and  milled  to  within  0.015"  of 
the  recorded  defect  location.  The  defect  area  was  isolated  by 
relieving  the  surfaces  on  either  side.  The  specimens  were  then 
sanded  carefully  until  the  defects  became  visible.  Final  polish- 
ing and  etching  were  done  after  maximum  defect  definition  was 
obtained. 

Some  metal  smearing  over  the  defects  due  to  sanding  and 
polishing  was  observed.  Therefore,  defect  dimensions  after  bond- 
ing are  given  as  minimums  due  to  this  limitation. 

The  figures  which  follow  the  discussions  below  include  the 
original  defect  dimension,  those  after  bonding,  and  comments  on 
other  effects  of  the  bonding  cycle  on  the  defect  characteristics. 

i 

Bonding  Parameter  Variations 

Specimen  C3,  which  was  bonded  under  much  less  than  optimum 
bonding  conditions  (1%%  deformation) , showed  large  areas  of  non- 
bonding  after  the  bonding  cycle.  Specimen  B3,  which  had  2%%  de- 
formation, contains  only  one  small  area  where  bonding  did  not' 
occur.  No  voids  were  found  around  the  bonding  area  in  specimens 
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M4B,  P4B,  Q4B,  and  R4B,  /?hich  were  bonded  under  optimum  bonding  j 

conditions.  See  Figures  6.17,  6.18  and  6.19.  5 

n 

Grain  Size  Variations  s 


In  ipecimens  P4B,  Q4B,  and  R4B,  whi-'h  had  different-sized 
primary  alpha  grains  prior  to  bonding,  a smaller  variation  was 
found  in  their  grain  sizes  after  the  bonding  cycle.  The 
effect  of  the  bonding  cycle  was  to  increase  the  grain  size  of 
the  previous  smaller  grain-sized  samples  more.  Specimens  P4B, 
Q4B,  and  R4B  also  had  grain  orientation  differences  between 
mating  parts  prior  to  bonding.  After  the  bonding  cycle,  the 
presence  of  equiaxed  alpha  grains  made  the  differences  prac- 
tically impossible  to  observe.  See  Figures  6.20,  6.21  and  6.22. 


Void  and  Inclusion -Type  Defects 

A void  of  0.010"  diameter  and  0.010"  depth  was  placed  in 
specimen  H4  prior  to  bonding.  After  bonding,  this  void  is 
still  detectable.  Minimum  dimensions  for  this  void  were  0-007" 
diamecer  with  0.007"  depth.  In  specimen  J4,  an  alpha  case 
layer  of  0.187"  diameter,  0.002"  depth  was  placed  in  the  bond 
plane  prior  to  bonding.  After  the  bending  cycle,  the  thickness 
of  the  alpha  case  layer  appears  to  be  much  less  due  to  the 
diffusion  of  oxygen  and  nitrogen  into  the  interior  of  the 
sample.  In  specimen  K3,  Type  304  stainless  steel  was  packed 
into  a void,  0.013"  diameter  and  0.009"  depth,  prior  to  bonding. 
After  bonding,  the  defect  region  is  still  observed  having  mini- 
mum dimensions  of  0.002"  x 0.007"  with  practically  no  depth. 

The  presence  of  stainless  steel  powder  in  the  defect  region 
after  the  bonding  cycle  was  inconclusive,  although  the  void 
containing  no  depth  was  indicative  that  powder  was  still  con- 
tained within  that  void.  In  specimen  L3,  SI02  powder  was  packed 
into  a void  with  the  dimensions  0.013"  diameter  and  0.005"  depth 
prior  to  bonding.  After  bonding,  the  defect  area  is  still  ob- 
servable with  a minimum  dimension  cf  0.001"  x 0.002"  with  no 
deoth.  Particles  are  observable  in  the  void  area  after  the 
bonding  cycle.  See  Figures  6.23,  6.24,6.25,  and  6.26. 
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SPECIMEN  M-4B  (Double  Bond/Single  Axis) 


|oq_ding  Parameters:  1700°F,  6 Hrs,  77e  Deformation 

Defect  Type:  None 


Bond  Plane 


'i 

\ 


4 

A 

1 
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; 

'. 
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i 
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Commentsi  Bond  plane  indistinguishable  except  for  extremely 
localized  grain  size  variations  across  the  bond 
plane 

Figure  6.17  Photomicrographs  at  Bond  Plane  of  DB  Si  >cimen  M-4B 
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SPECIMEN  B-3  (Single  Bond) 

Bonding  Parameters:  1700°F,  6 Hrs , l^U  Deformation 

Defect  Type:  Non-optimum  bonding  parameters  (2^%  deformation) 


Comments : Bond  area  includes  grain  boundaries  aligned  w5„th 

bond  plane  in  localized  areas.  Unintentional  void 
or  inclusion  visible. 


Figure  6.18  Fhctomicrographs  at  Bond  Plane  of  DB  Specimen  B-3 


SPECIMEN  C-3  (Single  Bond) 

Bonding  Parameters:  1700°F,  6 Hrs,  1%%  Deformation 

Defect  Type:  Non-optimum  bonding  parameters  (1^%  deformation) 


600X 

Comments : little  grain  growth  across  the  bond  plane.  Un- 

bonded area  indicating  localized  lack  of  contact 
between  faying  surfaces . 

Figure  6.19  Photomicrographs  at  Bond  Plane  of  DB  Specimen  C-3 
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SPECIMEN  P-4B  (Double  Bond/Single  Axis) 

Bonding  Parameters : 1700°F,  6 Hrs,  7%  Deformation 

Defect  Type:  Grain  size  ASTM  10  and  opposed  rolling  directions 

! 


75X 


f 


600X 

k 


Comments : Variations  in  preferred  grain  orientations  not 

visible  across  bond  plane.  Equiaxed  alpha  grain 
structure  after  bending  cycle.  Size  of  primary 
alpha  grains  hasincreased  after  being  held  at 
1700°F  for  6 hours. 

Figure  6.20  Photomicrographs  at  Bond  Plane  of  DB  Specimen  P-4B 
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SPECIMEN  Q-4B  (Double  Bond/Single  Axis) 

Bonding  Parameters:  1700°F,  6 Hrs,  7%  Deformation 

Defect  Type:  Grain  size  ASTM  9 and  opposed  rolling  directions 


! 


Comments:  Bondline  largely  indistinguishable.  Preferred 

orientations  appear  to  have  disappeared.  Very 
little  change  in  primary  alpha  grain  size  due  to 
bonding  cycle. 


Figure  6.21 


Photomicrographs  at  Bond  Plane  of  DB 


Specimen  Q-4B 
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SPECIMEN  R-4B  (Double  Bond/Single  Axis) 


Bonding  Parameters:  1700  F,  6 Hrs,  7%  Deformation 

Defect  Type:  ASTM  size  7.5  and  opposed  rolling  directions 


k 


75X 


600X 


Comments 


Bond  plane  distinguishable  only  by  microstructural 
variations  on  either  side.  Very  little  change  in 
microstructure  due  to  bonding  cycle. 


Figure  6.22  Photomicrographs  at  Bond  Plane  of  DB  Specimen  R-4B 
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SPECIMEN  H-4  (Double  Bond/Single  Axis) 


Bonding  Parameters : 
Defect  Type: 
Dimensions: 


1700  F,  6 Hrs , 7%  Deformation 
Cylindrical  Void 

Before  bonding  - 0.010"  dia. .x  0.010"  deep 
After  bonding  - 0.007"  dia.  x 0.007"  deep  (minimum) 


150X 

(Unetched) 


Bond  Plane 


Comments : Void  easily  detectable  after  bonding  cycle.  Metal 

smearing  over  the  void  due  to  sanding  and  polish- 
ing makes  void  dimensions  after  bonding  difficult 
to  determine.  Bonding  appears  to  have  decreased 
the  size  of  the  void  only  slightly. 


Figure  6.23  Photomicrographs  at  Bond  Plane  of  DB  Specimen  H-4 
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SPECIMEN  J-4  (Double  Bond/Single  Axis) 


Bonding  Parameters:  1700°F,  6 Hrs,  77.  Deformation 

Defect  Type:  Alpha  case  layer 

Dimensions:  Before  bonding  - 0.187"  dia.  x 0.002"  thick 

After  bending  - (see  comments) 


Comments:  Diffusion  of  the  oxygen  & nitrogen  away  from  the  bond 

plane  resulted  in  a partial  loss  of  identity  of  the 
original  alpha  case  layer.  Subgrain  size  features  remain  including  micro" 
voids  and  minute  unbonded  areas  aligned  with  the  original  bond  plane.  Ef- 
fects on  the  adjacent  microstructure  are  visible.  Microhardness  measurements 
transverse  to  the  bondline  after  bonding  indicate  a hardness  maxima  at  the 
bondline  of  486  KHN.  The  hardness  decreases  slowly  as  a function  of  depth 
below  the  bondline.  A distance  of  0.035"  is  required  before  the  micro- 
hardness reaches  a value  typical  of  heat-treated  parent  material  (350  KHN)  . 


Figure  6.24  Photomicrographs  at  Bond  Plane  of  DB  Specimen  J-4 


SPECIMEN  K-3  (Single  Bond) 


Bonding  Parameters:  1700°F,  6 Hrs,  7%  Deformation 

Defect  Type:  304  Stainless  steel  inclusion 

Dimensions:  Before  bonding  - 0.013”  dia.  x 0.009”  deep 

After  bonding  - 0.007”  x 0.002”  (minimum)  (see  comments) 


80X 

(Unetched) 


160X 

(Unetched) 


Comments:  Defect  appears  after  the  bonding  cycle,  although 

with  reduced  size.  The  original  defect  cavity  re- 
mainted  filled  after  bonding.  The  chemistry  of  the 
inclusion  (304  stainless  steel)  remains  to  be 
verified. 


Figure  6.25  Photomicrographs  at  Bond  Plane  of  DB  Specimen  K-3 
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SPECIMEN  L-3  (Single  Bond) 

Bonding  Parameter:  1700°F,  6 Hrs,  7%  Deformation 

Defect  Type:  Silica  inclusion 

Dimensions:  Before  bonding  - 0.013"  dia.  x 0.005"  deep 

After  bonding  - 0.005"  x 0.003"  (see  comments) 


Bond  Plae 


600X 


Comments:  Bondline  outside  defect  area  is  indistinguishable. 

Little  or  no  interaction  of  the  silica  at  the  silica- 
ti-interface . Particles  are  still  observable  in  the 
defect  after  the  bonding  cycle. 


Figure  6.26  Photomicrographs  at  Bond  Plane  of  DB  Specimen  L-3 
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6.2  Nondestructive  Evaluation 


6.2.1  Blue  Etch-Anodlze  Process 

The  blue  etch-anodize  (BEA)  process  was  used  as  a nonde- 
structive inspection  technique  on  selected  diffusion  bonded 
specimens.  This  technique  has  previously  been  used  in  detec- 
ting alloy  segregation  and  areas  of  high  interstitial  content 
in  titanium  alloys  (Ref. 11).  The  process  involves  immersing 

a thoroughly  clean  titanium  part  in  an  anodizing  solution 
(trisodium  phosphate)  and  subsequent  immersion  in  an  aqueous 
nitric -hydrofluoric  acid  solution.  Details  of  the  blue  etch- 
anodize  method  are  shown  in  Appendix  B.  Using  this  technique, 
aluminum  and  interstitial  element- stabilized  alpha  appear  deep 
blue  in  a lighter  blue  or  gray  background,  while  vanadium- 
stabilized  beta  appears  gray  or  white. 

This  process  was  used  after  the  selected  bonded  specimens 
had  been  blank  machined.  Specimens  were  milled  to  «40  RMS 
surface  finish.  If  samples  were  not  milled  prior  to  anodizing, 
the  process  did  not  work  well  33  surface  contamination  inter- 
fered with  blueing. 

The  results  of  the  blue  etch-anodize  (BEA)  examination  on 
selected  diffusion  bonded  specimens  are  shown  in  Tables  6.11 
and  6.12.  In  the  single-bond/single-axis  and  doubie~bond/ 
single  axis  specimens,  no  color  discontinuities  were  observed 
at  the  bond  line,  except  in'  specimen  J4.  This  indicates  the 
absence  of  alloy  segregation  and  interstitial  elements  around 
the  bonding  area  after  the  bond  cycle. 

In  the  multiple-bond/two-axes  and  multiple-bond/three- 
axes  specimens,  the  most  pronounced  color  discontinuities  at 
the  bond  line  were  in  specimens  containing  an  alpha  case  layer. 
As  shown  in  specimen  V5-A  (Figure  6.27),  the  alpha  case  layer 
shows  as  a dark  blue  color  in  a light  blue  background * The 
microhardness  as  a function  of  distance  away  from  the  bond 
line  was  measured  on  this  same  sample  after  bonding.  These 
results  are  shown  in  Figure  6.28.  A region  of  high  hardness 
is  obsex'ved  for  approximately  - .015”  on  each  side  of  the  bond 
line.  However,  the  maximum  hardness  obtained.  «480  KHN,  is 
quite  smaller  than  that  obtained  at  the  surface  containing  the 
alpha  case  layer  before  bonding,  «700  KHN.  Apparently,  the 
6-hour  bonding,  time  is  sufficient  to  allow  some  diffusion  of 
interstitials  away  from  the  bond  line. 

In  the  multiple -oond/ two -axes  specimens,  color  changes 
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T«bl«  6. 12  BLUE  ETCH  ANODIZE  (BEA)  RESULTS  ON  VARIOUS  MULTIPLE  BOND  - 2 -AXES  SPECIMENS 


Inclu-  I 4.B3  I h<  I 7.1  I No  I Ten  title  failures  due  to  defects 


Table  6.13  BLUE  ETC. .-ANODIZE  (BEA)  RESULTS  ON  SELECTED  MULTIPLE -BOND/ 3 -AXES  SPECIMENS 
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Figure  6.28  Microhardnes 


were  observed  at  some  of  the  bond  planes,  particularly  ones 
where  smaller  deformations  had  occurred,  although  not  as 
pronounced  as  in  specimens  containing  an  alpha  case  layer. 
Photographs  of  some  of  these  areas  are  shown  in  Figures  6.29  thru 
6.33.  Bond  planes  most  pronounced  were  those  formed  through  the 
thickness  of  the  material  (short  transverse  direction). 

Most  of  the  origins  cf  failure  in  axial  fatigue  specimens 
formed  from  these  samples  occurred  due  to  incomplete  bonding 
in  the  short  transverse  direction.  As  shown  in  Table  6.12 
except  for  the  specimens  containing  alpha  case  layers, 
whether  the  bond  lines  were  observed  after  the  blue  etch- 
anodize  inspection  depended  strongly  on  deformations  received. 

In  the  multiple  bond/three  axes  specimens,  color  discon- 
tinuities were  again  most  prevalent  in  the  alpha  case  specimen 
V6-A.  The  discontinuities  observed  for  the  bond  plane  lying 
in  the  long  transverse  direction  are  shown  in  Figure  6.33b. 

In  some  specimens,  bond  lines  were  only  observed  in  small  areas. 
The  location  of  these  areas  are  described  in  the  tables. 
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05-A  (Short  Transverse  Direction) 


Figure  6.30  Blue  Etch-Anodize  Records  of  Specimens  N5-B  and  05-A 
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V6-A  (Short  Transverse  Direction) 
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Figure  6.33  Blue  Etch-Anodize  Records  of  Specimens  J5  and  V6-A 


6.2.2  Fluorescent  Penetrant  Inspection 


Diffusion  bonded  6A1-4V  titanium  specimens  containing 
intentional  defects  were  fluorescent-penetrant  evaluated 
for  the  detection  of  surface  connected  discontinuities , 
especially  along  the  bond  line. 

Procedure : The  technique  used  to  most  effectively  detect  a 

wide  variety  of  cracks,  porosity,  and  possible  debond  areas 
was  a MIL- 1-25135,  Group  V,  post-emul.sifiable  penetrant,  with 
a dry  powder  developer.  Penetrant  dwell  time  was  at  least 
20  minutes,  penetrant  bleed-out  time  of  at  least  5 minutes, 
and  an  emulsification  time  of  less  than  3 minutes.  The 
manufacturer's  designation  of  penetrant  material  was  ZL-2A 
penetrant,  ZE-3  emulsifier,  and  ZP-4  dry  powder  developer. 

This  technique  was  based  on  data  from  the  March  1973  McDonnell- 
Douglas  technical  report  on  "Evaluation  of  the  Reliability  and 
Sensitivity  of  NDT  Methods  for  Titanium  Alloys,"  A production- 
line facility  was  used  for  this  evaluation. 

Specimens  were  first  milled  to  a 40  RMS  surface  finish, 
prior  to  evaluation.  Two  and  three-axes  specimens  were  then 
chemically  etched  to  remove  approximately  .001"  from  the  sur- 
face. This  procedure  has  been  found  to  eliminate  metal 
smearing  over  the  surface  due  to  the  milling  operation  (Ref.  12) 
and  can  improve  resolution  in  the  detection  of  surface  cracks. 
Three  of  the  double -bond/single -axis  specimens  were  evaluated 
both  before  and  after  chemically  etching. 

Results : Fifty-eight  single -bond/ single-axis  and  double-bond/ 

single  axis  specimens  were  evaluated  using  the  post-emulsifiable 
penetrant  technique  (6  specimens  were  evaluated  using  the  water- 
washable  penetrant  technique)  (see  Table  6.14).  No  discon- 
tinuities in  the  bond-plane  area  were  noted  on  any  of  the 
specimens.  It  was  noted  that  some  specimens  contained  surface 
tool  marks,  nicks,  and  gouges,  due  to  machining  and  handling. 
Figure  6.34  shows  a specimen  and  bond-1-*  e without  discon- 
tinuities or  surface  tool  marks. 

The  specimen  shown  in  Figure  6.35  also  exhibits  no 
discontinuities  in  the  bondline  are3,  but  the  penetrant  did 
pick  up  a minor  surface  gouge  away  from  the  bondline. 

Specimens  03-A,  03-B,  N4-A,  N4-B,  G4-A,  and  04-B,  which 
were  diffusion  bonded  with  low  percent  deformations  (e.g., 

1%%) , should  have  been  most  susceptible  to  penetrant  inspec- 
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Table  6 . 14  FLUORESCENT  PENETRANT  INSPECTION  RESULTS 
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Inspections  were  made  both  before  and  after  chemical  etching. 


Specimen  with  No  Defects 


tion.  As  ncted  above,  no  indications  were  found. 

Specimens  A4,  C4,  and  J4  were  also  inspected  after 
chemically  etching.  No  bondline  indications  were  observed 
after  the  etching  procedure. 

Twenty-five  multiple-bond/2-axes  and  raultiple-bond/3- 
axes  specimens  were  also  evaluated  by  fluorescent  penetrant 
inspection  techniques.  As  mentioned  earlier,  these  speci- 
mens were  chemically  etched  after  milling  to  improve  resolu- 
tion capabilities.  Results  of  these  inspections  are  given 
in  Tables  6.15  and  6.16.  Some  bond  lines  were  detected 
in  the  multiple-bond/2-axes  specimens.  Bond  line  intersections 
were  also  observed  in  several  instances  as  denoted  in  Table 
6.16. 


1 "'y*v  ,# . " v i 


1 «;*? 


Small  hole  observed  at  5-A,  5-B  and  5-C 
Interface,  right  side 
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6.2,3  Ultrasonic  Inspection 


6 . 2 . 3 . 1 Delta-Scan  Technique 

Principle  of  Operation  - The  Delta-Scan  mode  of  nondestruc- 
tive inspection  utilizes  a pulsed  ultrasound  in  the  megahertz 
range.  A typical  configuration  is  shown  in  Figure  6.36  . A 
tilted  transducer,  T,  transmits  longitudinal  waves  through  a 
liquid  couplant  onco  the  surface  of  a test  specimen.  The  re- 
fracted shear  waves  in  the  specimen,  are  reflected  at  the  bottom 
surface  and  incident  on  the  flaw  surface.  The  ultrasonic  waves, 
re-directed  by  the  flaw,  are  received  by  the  transducer,  R, 
positioned  above  the  flaw,  indicating  the  existence  of  the  flaw. 

The  geometrical  parameter  in  the  Delta  configuration  affect 
the  detection  sensitivity  of  the  technique.  Among  these  param- 
eters are  the  angle  of  incidence  of  the  transmitting  beam,  the 
lateral  distance  of  separation  (DOS)  between  transducers,  T and 
R,  DOS  between  the  transducers  and  the  specimen  surface,  and 
the  type  of  transducer  used. 

Equipment  - A Sperry-Rand  UM  721  ref lectoscope  with  a ION 
pulser-receiver  unit  and  a fast  transigate  was  used  in  the  Delta- 
Scan  technique.  The  focused  transmitting  transducer  was  of 
the  lead  zirconate  type  with  a focal  length  of  2-7  in.  in  water 
and  a resonating  frequency  of  5.0  MHz.  The  focused  receiving 
transducer  was  of  the  lithium  sulphate  type  with  the  same  focal 
length  and  resonating  frequency  as  the  transmitting  transducer. 

The  specimens  were  immersed  in  an  Automation  Industries 
research  tank,  style  57A5432,  and  the  Delta- Scan  head  was 
attached  to  an  X-Y  scanner  with  variable  scanning  and  indexing 
speeds.  A photograph  of  the  tank,  scanner,  and  the  reflectoscope 
is  presented  in  Figure  5.37. 

An  Alden  No.  311DA  recorder  was  synchronized  with  the  X-Y 
scanner  in  the  tank  and  provided  ultrasonic  facsimiles  or  C-scan 
recordings  of  the  inspection  result.  The  voltage  pulse  activating 
the  recording  pen  originated  from  the  gated  signal  due  to  scatter- 
ing from  a flaw.  A darkened  area  on  the  C-scan  recording  repre- 
sents a flaw  with  the  flaw  size  proportional  to  the  area. 

Reference  Standards  - Quantitative  determinations  of  flaw 
sizes  as  indicated  or.  C-scan  recordings  were  made  by  using  Ti- 
6A1-4V  diffusion  bonded  specimens  with  implanted  flaws  at  the 
bondline  as  reference  standards.  Dimensions  of  the  standard 
used  in  detecting  flaws  of  single-bond/single-axis  and  multiple- 
bond  /single -axis  specimens  and  the  locations  of  these  reference 
flaws  are  shown  in  Figure  6.38.  The  choice  of  this  specimen  as 
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Figure  6.36  Delta-Scan  Applied  to  Distorted  Bond  Plane 


.37  Laboratory  Set-Up  of  Delta/C-Scan  System 


a reference  standard  was  based  on  the  fact  that  its  geometrical 
shape  and  bondline  locations  are  quite  similar  to  the  single 
axis  test  specimens  inspected. 

The  reference  standard  for  the  multiple-bond/2-axes  and 
multiple-bond/3-axes  specimens  was  designed  to  closely  repre- 
sent the  size  and  location  of  defects  to  be  found  in  these 
specimens.  This  was  accomplished  by  drilling  two  3/64-inch 
diameter  flat  bottom  holes  in  the  excess  material  area  for 
multiple-bond/2-axes  specimen  number  U5-A.  The  holes  were 
drilled  into  the  bondline  to  a depth  corresponding  to  one-half 
of  the  specimen  thickness. 

Delta  Configuration  Optimization  - The  optimization  of  the 
Delta  configuration  was  directed  at  detecting  f]aws  located  on 
bondlines  in  diffusion-bonded  titanium  specimens.  Using  the 
reference  specimen  as  a standard,  the  tilt  angles  and  DOS  of 
the  transducers  of  the  Delta-head  were  determined.  The  physical 
parameters  of  the  optimized  configuration  are  presented  in 
Figure  6.39.  The  tilt  angle  for  the  transmitting  transducer 
was  20  so  that  only  refracting  shear  waves  would  be  propagating 
in  the  specimens,  while  the  detection  sensitivity  for  flaws  in 
the  mid-plane  of  the  specimens  would  be  maximum.  The  receiving 
transducer  was  also  tilted  at  a 4°  angle  in  the  forward  direction 
to  maximize  the  signal  amplitude  for  test  specimens  of  1-in. 
thickness . 

It  will  be  noted  in  Figure  6.39  that  the  research  Delta- 
head  used  in  this  series  of  inspections  had  separate  trans- 
ducer holders  connected  by  two  0.125-in.  diameter  metal  rods. 

The  lateral  distance  separating  the  two  transducers  may  be 
varied  by  sliding  one  of  the  blocks  along  the  metal  rails.  A 
separating  distance  of  1.7  in.  between  the  centers  of  the  two 
transducers  was  found  to  produce  the  best  result. 

While  the  off-the-shelf  Delta-Scan  heads  have  fixed  lift- 
off  distance,  the  research  head  was  designed  so  that  the 
transducers  could  be  moved  in  the  holes  provided  in  the  holding 
b1ocks.  The  optimum  DOS's  recorded  in  Figure  6.39  were  ob- 
tained by  fixing  the  transmitting  transducer  as  close  to  the 
block  as  possible  without  protruding  through  the  base  and 
varying  the  position  of  the  receiving  transducer  in  the  holder, 
as  well  as  the  lift-off  distance  of  the  whole  assembly  from 
the  specimen  surface.  C-scan  recordings  of  the  reference 
flaws  in  the  calibration  specimens  are  presented  in  Figures 


6.40  and  6.41.  The  flaw  indications  in  these  recordings  were 
used  for  flaw  size  correlation  and  resolution  determination. 


Inspection  Results  - Delta  Scan  inspections  were  made  on 
most  of  the  single -axis  specimens  and  all  of  the  two-  and  three- 
axes  specimens.  The  reference  standard  was  also  used  as  a cali- 
bration standard  for  setting  the  location  of  the  gate,  trigger- 
ing level  of  the  recording  pen,  and  the  optimization  of  the 
parameters  in  the  Delta  configuration.  Equipment  calibration 
and  resolution  check  were  repeated  before  inspections  started 
each  day.  The  test  specimens  were  inspected  by  scanning  the 
Delta-Scan  head  along  the  long  dimension  of  the  specimens. 

Results  of  inspections  of  single-axis  joints  are  tabulated 
in  Table  6.17.  C-scan  recordings  of  three  specimens  with  indi- 
cations of  0.0065,  0.010,  and  0.020  in.  are  presented  in  Fig- 
ures 6.42,  6.43,  and  6.44,  respectively. 

Results  of  inspections  of  multiple-bond/2-axes  and  multiple- 
bond/3-axes  specimens  are  shown  in  Tables  6.18  and  6.19.  C-scan 
recordings  of  specimens  M6-A,  N6-B,  05-B,  C6,  H5,  05-A,  S6-B,  H6, 
V6-A,  K5,  X5-A,  and  X6-B  showing  different  types  of  defects  are 
shown  in  Figures  6.45  through  6.51. 

6. 2. 3.2  Signal -Averaged  Pulse-Echo  Measurements 

Data  Collection  - The  signal -averaging  pulse-echo  system 
described  in  Section  4.1  was  used  in  the  contact  mode  (machine 
oil  couplant)  to  obtain  waveforms  at  (a)  defect  locations  in  the 
bond  plane,  (b)  defect- free  locations  in  the  bond  plane,  and 
(c)  parent  material  locations  outside  the  bond  plane  per  Figure 
4.3. 


Measurements  were  made  using  a UM  721  Ref lectoscope  with  10N 
Pulser/Receiver  to  energize  an  Automation  Industries  Transducer, 
10.0  MHz/0.250  SFZ  57A5623.  Standard  reference  blocks  were 
fabricated  with  3/64  flat  bottom  holes  located  at  depths  corre- 
sponding to  diffusion  bond  locations.  The  reference  blocks  were 
utilized  on  a daily  basis,  to  check  operation  of  the  signal 
averaging  system  and  offer  a potential  base-line  for  normaliza- 
tion of  defect-amplitude  data. 

Reflectoscope  sensitivity  was  varied  as  required  to  pre- 
vent screen  saturation.  Reference  standard  measurements  were 
made  at  all  sensitivity  levels  used  during  data  collection. 


SPECIMEN  #B1  VOID 


5 MHz  FREQ  10  NP/R 
SEN.  LEVEL  5.4  x 1 
TRIG.  LEVEL  1.2/2. 6 

Figure  6.40  Ultrasonic  Delta  Scan  Record  of  Reference  Standard 


Table  6.  17  ULTRASONIC  DELTA- SCAN  FLAW  INDICATION  RESULTS  FOR  SINGLE 
BOND/SINGLE  AXIS  AND  MULTIPLE  BOND/SINGLE  AXIS  SPECIMENS 
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SPECIMEN  #S3-B 


Figure  6.42  Delta/C-Scan  Recording  of  Specimen  S3-I 


Figure  6.43  Delta/C-Scan  Recording  of  Specimen 


SPECIMEN  *U4-A 
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Table  6.18  l/LTRA  SONIC  DELTA-SCAN  INDICATION  RESULTS  FOR 
MULTIPLE  - BOND /TWO -AXKS  S PECIMLNS 


Specimen 

Number 

Deficiency 

Defect 

Indication 

at 

Bond  line 

Location  of  Defect 

A5 

None 

Vcs 

More  pronounced  on  right  side 
(A5-2  and  A3-3) 

M5-A 

Yes 

Sides  M5A1  and  M5A3) 

M5-B 

No 

85 

< Opt.  Deformation 

No 

• 

N5-A 

No 

- 

n5-B 

*4 

Yes 

More  pronounced  on  left  side 
(N5B1  and  N5B2) 

C5 

«Opt.  Deformation 

Yes 

Middle  and  right  side  (C5-2 
and  C5-3) 

05-A 

Yes 

Left  Side  (D5A1) 

05- B 

Yes 

Along  entire  width  of  speci- 
men (05B1,  05B2,  and  05B3) 

D5 

None 

Yes 

Middle  end  left  side  (D5-1 
and  D5-2) 

P5-A 

Yes 

Right  side  (P5A3) 

P5-B 

No 

* 

E5 

Larger  primary  alpha 
grains  prior  to 

Yes 

Along  entire  width  of  speci- 
men (E5-1,  E5-2,  and  E5-3) 

Q5-A 

bonding 

No 

- 

Q5-B 

No 

“ 

F5 

Much  larger  primary 
alpha  grains  prior 

Yes 

More  pronounced  on  right  side 
(F5-3; 

R5-A 

to  bonding 

No 

- 

R5-B 

Yea 

Left  side  (R5B1) 

C5 

Voids  in  the  form 
of  chamfers 

Yes 

Very  slight  indication,  mid- 
dle (G5-2) 

S5-A 

Yes 

Left  end  right  sides  (S5A1 
and  S5A3) 

S5-B 

No 

* 

H5 

Voids  in  the  form 
of  chamfers 

Yes 

Very  slight  indication  (H5-1 
and  H5-3) 

T5-A 

No 

- 

T5-B 

No 

15 

Voids  in  the  form 
of  chamfers 

Yes 

Very  slight  indication  (15-1 
and  15-3) 

U5-A 

Yes 

More  pronounced  on  left  side 
(U5A1  and  U5A2) 

U5-B 

Yes 

Extreme  right  side  (U5B3) 

J5 

Alpha  case  layer 

Yes 

Very  slight  indication,  a 
(J5-1,  J5-2,  J5-3) 

V5-A 

No 

- 

V5-B 

No 

- 

K5 

Type  304  stainless 
steel  powder  in- 

Yes 

All  3 intentional  defects 
located 

W5-A 

elusions 

Yes 

2 intentional  defects  lo- 
cated (W5A2  and  W5A3) 

W5-B 

Yes 

2 intentional  defects  lo- 
cated (V5B2  and  W5B3) 

L5 

Si02  powder  inclu- 
sions 

Yes 

All  3 intentional  defects  lo- 
cated 

X5-A 

Yes 

All  3 intentional  defects  lo- 
cated 

X5-B 

— ■ 

Yes 

All  3 intentional  defects  lo- 
cated 

167 


IF"  4'  V H L++ Ml*  \ ^ 


*2  RWJf^^r  ' 


Table  6.19  ULTRASONIC  DELTA -SCAN  DEFECT  INDICATION  RESULTS 
fOR  MULTIPLE- BOND/THREE -AXES  SPECIMEN 


Specimen 

Member 

Deficiency 

Defect 

Indication 

at 

Bondi ine 

Location  of  Defect 

A6 

None 

No 

• 

M6-A 

No 

• 

N6-B 

* 

No 

• 

B6 

< Opt.  Deforest  ion 

No 

M6-A 

No 

- 

M6-B 

Tea 

More  pronounced  on  left  aide 
(N6B1) 

C6 

«Opt.  Deformation 

Tea 

Along  entli  t width  (CS-1, 
C6-2,  and  C6-3) 

06 -A 

No 

- 

06-B 

Tea 

(06B1,  06B2,  and  06B3) 

D6 

None 

No 

• 

P6-A 

Tea 

(P6A1  and  P6A2) 

P6-B 

No 

- 

E6 

Larger  primary  alpha 

No 

- 

Q6-A 

gralna  prior  to 

No 

• 

Q6-B 

bonding 

No 

- 

F6 

Much  larger  primary 

No 

• 

R6-A 

alpha  gralna  prior 

No 

ee 

R6-B 

to  bonding 

No 

• 

G6 

Voida  in  the  form 

No 

• 

S6-A 

of  chamfered  edgas 

No 

- 

S6-B 

Tea 

Intentional  defect  in  center 
(S6B2) 

H6 

Voida  in  the  form 

of  chamfered  edgea 

Tea 

All  3 Intentional  defecta 
located 

T6-A 

Tea 

Intentional  d feet  in  center 
(T6A2) 

T6-B 

Tea 

Occurs  along  moat  of  the  width 
(T6B1,  T6B2,  and  T6B3) 

16 

Voida  in  the  form 

No 

• 

U6-A 

of  chamfered  edgea 

No 

• 

06-B 

Tea 

Extreme  edgea  (U6B1  and  U6B3) 

J6 

Alpha  Caae  layer 

No 

• 

V6-A 

Tea 

' (V6A1,  V6A2,  and  V6A3) 

V6-B 

No 

«* 

K6 

Type  304  atainleaa 

Tea 

Extreme  left  aide  (K6-1) 

W6-A 

Steel  Powder  In- 
due Iona 

Tea 

2 Intentional  defecta  located 
(W6A2  and  V6A3) 

W6-B 

Tea 

2 Intentional  defects  located 
(Y6B1  and  V6B3) 

L6 

SIO2  Powder 
Indue  Iona 

Tea 

2 intentional  defecta  located 
(L6-1  and  L6-2) 

X6-A 

Tea 

All  3 intentional  defecta  lo- 
cated (XuAl,  X6A2,  X6A3) 

16S 
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Specimen  M6-A  (Good  Bond) 


Bond  Line 

Specimen  N6-B  (Partially  Bad  Bond) 


Figure  6.45  Delta/C-Scan  Records  of  Specimens 
N6-B  and  M6-A 
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Specimen  05-B  (Bod  Bond) 
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Figure  6.46  Delta/C-Scan  Records  of  Specimens  C6  and  05-B 
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Figure  6.47  Delta/C-Scan  Records  of  Specimens  H5  and  U5-A 
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Figure  6,48  Delta /C-Scan  Records  of  Specimens 
H6  and  S6-B 
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Figure  6.51  Delta/C-Scan  Recording  of  Specimen  X6-B 
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Figure  6.52  shows  a typical  inspection  record  of  speci- 
men No.  Q6-A  which  was  thermally  treated  before  bonding  to  pro- 
duce large  alpha  grains  (ASTM  Micro-grain  Size  No.  8). 

Figure  6.53  is  a corresponding  record  of  the  3/64  FBH 
reference  block  at  the  same  sensitivity. 

Data  Reduction  - Quantifying  each  waveform  to  generate  a 
function  indicative  of  bond  quality  was  accomplished  by  meas- 
uring (a)  the  centerline  average  (CIA) , (b)  the  arithmetic 
average  (AA),  and  (c)  a peak  amplitude  above  the  centerline 
average. 

A HP  9820  computing  calculator  with  an  X-Y  digitizer  was 
programmed  to  perform  the  above  measurements.  Figure  6.54 
shows  a typical  readout  versus  the  corresponding  waveforms. 

In  this  manner,  the  grain  noise  at  a particular  sensitivity 
may  be  represented  by  a single  number,  i.e.,  the  arithmetic 
average.  Perturbations  above  this  level  are  represented  by 
comparing  the  peak  amplitude  measurement  with  the  arithmetic 
average. 

In  performing  the  actual  measurements,  the  HP  9820  was 
programmed  to  accommodate  two  cases: 

1.  Defect  signal-to-noise  ratio  5=1; 

2.  Defect  signal-to-noise  ratio  >1. 

In  the  first  case,  the  cut-off  length  (baseline  for  digitizing) 
was  set  to  include  the  entire  recorded  waveform.  In  the  second 
case,  the  cut-off  length  was  set  to  exc lude  the  de  ect  signal. 
This  minimizes  the  effect  of  the  defect  signal  on  the  center- 
line  average  from  which  all  amplitudes  were  measured. 

With  these  data,  the  grain  noise  arithmetic  average  may  be 
used  to  normalize  the  defect  amplitude  as  opposed  to  normaliza- 
tion by  a refererce  standard  amplitude. 

The  former  is  preferred  since  all  measurements  are  made 
under  identical  circumstances  of  sensitivity,  coupling,  mate- 
rial, material  processing  history,  and  condition  of  instrumenta- 
tion. 


Accordingly,  the  signal -averaged  puls^-echo  data  was  reduced 
to  include  (a)  AA  and  defect  signal  ampli*  ie  for  each  location 
of  inspection  on  the  diffusion  bonded  specimen (where  applicable) 
and  (b)  the  defect  signal  amplitude  normalized  by  the  arithmetic 
average  at  the  defect  locations. 


Figure  6.52  Single  and  Averaged  Waveforms  from  Bond  Plane 
of  Specimen  Q6-A  (ASTM  Grain  Size  No.  8) 


Figure  6.53  Single  and  Averaged  Waveforms  from  3/64-in.  Flat 
Flat  Bottom  Hole  Reference  Standard 


7.  MECHANICAL  PROPERTY  TESTING 


7 . 1  Specimen  Configuration,  Equipment , and  Procedure 

7.1.1  Test  Specimen  Configurations 

Test  specimens  employed  for  mechanical  properties  testing 
in  this  program  were  of  two  basic  types:  round  tensile  and 

round  fatigue.  Configuration  of  the  tensile  specimens  is  shown 
in  Figure  7.1.  The  0.357- inch  diameter  was  maintained  for  all 
tensile  specimens. 

The  basic  configuration  of  the  smooth  fatigue  specimens  for 
parent,  heat-cycled,  and  diffusion  bonded  specimens  with  single 
bonds  is  shown  in  Figure  7.2.  The  -1  configuration  was  employed 
with  parent  and  heat-cycled  specimens  and  the  -2  configuration 
was  utilized  with  single-bonded  specimens  to  ensure  adequate 
spacings  of  specimen  blanks  during  sectioning  of  the  diffusion 
bonded  blocks.  In  view  of  the  fact  that  the  -2  configuration 
specimens  had  a 0.25-inch  minimum  diameter,  the  same  diameter  was 
employed  on  all  other  diffusion  banded  fatigue  specimens  (i.e., 
double-bond/single-axis , multipie-bond/2-axes , and  multiple- 
bond/3-axes) , Specimen  design  was  modified  to  ensure  that  all 
bonded  joints  fell  within  the  0.25-inch  diameter  section  between 
the  radii  of  the  specimen  shoulders  (see  Figure  7.3).  The  theo- 
retical stress  concentration  factor  was  maintained  at  Kt  = 1 for 
all  sp  a linens . 

Figures  7.4  and  7.5  show  configurations  of  fracture 
toughness  and  stress  corrosion  specimens  employed  in  the  diffu- 
sion bonding  studies. 

7.1.2  Test  Equipment  and  Procedures 

Tensile  Tests  - Tensile  tests,  with  the  exception  of  speci- 
mens monitored  for  acoustic  emission,  were  performed  in  accord- 
ance with  ASTM  Method  E8-68  and  Federal  Test  Method  Standard  151a, 
Method  211.1.  Test  machines  for  pulling  the  specimens  to  frac- 
ture were  a Mode!  TT-C  Instron  Tester  (used  in  acoustic  emission 
monitoring  tests  only)  and  a 120,000-lb  capacity  BLH  Hydraulic 
Universal  Test  Machine.  The  0.2%  offset  yield  strength  was  deter- 
mined using  a PS-2M  extensometer . The  specimens  were  strain 
paced  at  0.005-in. /in. /min. 
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DASH 

NO. 

A 

B 

C 

(GAGE 

LENGTH) 

-1 

.357 

+.007 

1.80 

1.400 

+.005 

NOTES: 

1.  Diffusion  Bond  Hone  to  be  located  at  Minimum  Diameter  "A" 

2.  Turning  Centers  to  be  Machined  Off  in  Obtaining  5.0  Dimension. 

Ends  to  be  Flot  & Parallel  within  .005  TJ.R. 

3.  1 TOL 

4.  All  Diameters  Concentric  within  ,002  T.I,R. 

Figure  7.1  Configuraticr  of  Tensile  Test  Specimen  - Collet  Grip 
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010R  x .010  DEEP 
U"  CUT  N 


B DIA 


DETAIL  A -A 


2.0r 


(SYM) 


DASH 

NO. 

an 

c 

0 

±.005 

B 

B 

.876 

!875 

.900 

.895 

.357 

wmwm 

1" 

4.75 

.620 

.645 

,*5U 

.15  FOR  -1 


CORNERS 


NOTES: 

1.  Diffusion  Bond  Plane  to  be  Located  at  Minimum  Diameter  "D" 

2.  Turning  Centers  to  be  Machined  Off  in  Obtaining  5.0  Dimension. 

Ends  to  be  Flat  & Parallel  within  .005  T.I.R. 

3.  TOL  0.0  ±.10  0.00  ±.030  0.000  +.010  Ang.  ±0°30' 

4.  All  Dimensions  Concentric  within  .002  T.I.R. 

5.  Polish  Test  Section  to  000  Emery  in  Longitudinal  Direction 

Figure  7.2  Configuration  of  Fatigue  Test  Specimen.  Kt  = 1,  Collet  Grip 
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Figure  7.4  Configuration  of  Compact  Tension 
Fracture  Toughness  Specimen 
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FATIGUE 

PRECRACK 


Cyclic  Fatigue  Tests  - Constant  amplitude,  * .al  fatigue 
testing  of  the  Kx  = 1 smooth  fatigue  specimens  was  conducted  in 
two  test  machines,  a Sonntag  Model  SF-10-U  and  a 50,000-lb  MTS. 
All  testing  was  performed  at  a stress  ratio  of  R = 0.1  and  at 
frequencies  from  6 to  30  Hz.  Two  stress  levels,  110  ksi  and 
80  ksi,  were  selected  to  provide  high  stress-low  cycle  and  low 
stress-high  cycle  failures  for  comparison  of  the  effects  of 
defects  in  the  diffusion  bond  joint.  Other  stress  levels  in- 
vestigated were  130,  120,  105,  and  90  ksi. 

Fracture  Toughness  Tests  - Fracture  toughness  testing  was 
conducted  in  accordance  with  ASTM  Method  R399-72.  The  test 
machine  for  pulling  the  specimens  to  fracture  was  a Model  TT-L 
Inst run. 

Precracking  of  the  fracture  toughness  specimens  was 
accomplished  on  a Sonntag  Model  SF-l-U  fatigue  machine, 

Stress-Corrosion  Tests  - The  constant  displacement  type 
WOL  specimens  employed  to  determine  the  stress  corrosion  crack- 
ing susceptibilities  were  of  the  design  developed  by  Novak  and 
Rolfe  (Ref. 13),  Precracks  were  grown  in  these  specimens  using  a 
Sonntag  Model  SF-l-U  fatigue  machine.  Loading  was  accomplished 
by  torquing  the  bolts  while  observing  the  crack  opening  displace- 
ment (COD)  with  a calibrated  clip  gage.  When  the  COD  correspond- 
ing to  the  desired  stress  intensity  level  was  reached,  torquing 
was  ceased  and  the  steel  bolt  and  tap  were  coated  with  a maskant 
to  prevent  corrosion.  Crack  lengths  were  then  measured  using  an 
optical  comparator  and  the  initial  stress  intensities  calculated. 
The  specimens  were  then  placed  in  a 3-1/2  weight  percent  solution 
of  NaCl  in  distilled  water.  Weekly,  the  specimens  were  removed 
from  the  salt  water  to  measure  the  crack  lengths  and  immediately 
returned  to  the  corrodant  before  drying  had  occurred.  The  ini- 
tial stress  intensities  used  in  these  tests  ranged  from  about 
one-half  of  the  fracture  toughness  value  in  air  to  just  slightly 
less  than  that  value.  A minimum  2000  hours  immersion  time  is 
normally  used  in  tests  of  this  type  to  insure  that  all  crack 
growth  has  ended.  The  minimum  threshold  stress  intensity  as 
determined  in  these  tests  that  will  just  support  stress  corrosion 
cracking  is  designated  Kiscc  provided  that  the  requirements  of 
plane  strain  testing  are  met. 

7 . 2 Mechanical  Properties  Data 

Because  of  the  large  number  of  tensile  and  fatigue  speci- 
mens tested,  along  with  the  numerous  bonding  parameters 
associated  therewith,  mechanical  properties  data  for  a particu- 
lar type  or  group  of  specimens  are  compiled  in  separate 
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sections.  In  this  manner,  data  for  a given  type  joint  stay  be 
found  without  undue  difficulty. 

Tensile  and  fatigue  data  for  parent  and  heat-cycled  71-6A1- 
4V  are  presented  in  Section  7.2.1,  while  tensile  5nd  fatigue 
data  for  single-bond/single-axis , double -bond/ sing la -axis  s 
multiple-bond/two-axes,  and  multiple-bond/thrae-axea  specimens 
are  presented  in  Sections  7.2.2,  7,2.3,  7.2.4,  and  7.2,5, 
respectively.  Each  section  contains  a bar  graph  showing 
fatigue  properties  of  the  specimen  group  and  the  effects  of  in- 
tentional bonding  anomalies,  a statistical  analysis  of  the 
fatigue  data,  test  results  for  each  fatigue  specimen,  and  tabu- 
lated tensile  test  results. 

Results  of  fracture  toughness  and  stress-corrosion  studies 
of  diffusion  bonded  Ti-6A1-4V  are  presented  in  Section  7.2.6. 
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Table  7.1  TENSILE  PROPERTIES  OF  ANNEALED  TI-6AL-4V  PLATE,  1"  THICII 


Condition 


As  Rec’d 


Heat  Cycled 
6 Hrs  <?  1700F 


Heat  Cycled 
6 Hrs.  @ 1735F 


Heat  Cycled 
6 Hrs.  <?  1775F 


Crain 

MBm 

TYS 

UTS 

Direction 

KSI 

RSI 

L 

Y1A-1 

131.2 

138.5 

Y1A-2 

129. <J 

138.3 

Y1B-1 

131.0 

13/. 3 

Y1B-2 

132.2 

140.1 

Y1B-3 

131.7 

139.1 

Y1A-3 

132.7 

140.1 

AVG. 

131.5 

138.9 

1 T 

Zl-1 

132.1 

137.2 

Zl-2 

132.2 

137.3 

Zi-3 

132.3 

137.0 

Zl-4 

131.9 

138.0 

Zi-6 

132.1 

138.1 

Z1  -5 

130.2 

136.4 

iB.M 

134.1 

139.1 

wSSJm 

129.8 

140.3  . 

AYG. 

131.8 

137.9 

L 

A2-1 

127.3 

134.5 

A2-2 

12b.  0 

133.6 

A2-3 

126.6 

134.5 

B2-1 

124.1 

132.9 

B2-2 

127.0 

135.1 

B2-3 

125.4 

135.3 

C2-1 

125.1 

134.1 

C2-2 

125.7 

133.5 

C2-3 

125.8 

135.5 

AVG. 

125.9 

134.3 

r 

T 

D2-1 

“122.6 

134.3 

D2»2 

124.9 

133.3 

D2-3 

1 T 

AVG. 

T 

129.1 

137.7 

3B:i 

125.6 

137.6 

124.9 

135.3 

126.5 

136.8 

■Hfl 

Witt 

120.4 

133.7 

liiMH 

121.5 

133.9 

■ 

122.2 

134.9 

HU 

AVG. 

121.4 

134.2 

Elong. 

X in  1.4" 


10.7 

10.7 

11.4 

11.4 

11.4 

12.0 

11.3 


11.4 

11.4 

12.1 

12.1 

11.4 

11.5 
11.4 

14*tt_ 


11.9 


12.1 

11.4 

12.5 
12.1 
12.1 
13.1 
11.4 
11.4 
12.3 
12.0 


13.  j 
12.1 


11.4 

12./ 

11.4 

11.8 


13.6 

11.4 

11.4 

12.1 


26.5 

25.6 

25.4 

25.6 

24.6 
25.2 

25.5 


26.1 

26.5 

28.9 

29.1 

26.5 

.24.3 

26.5 


26.7 


29.6 

29.3 

27.5 

27.2 

26.6 
27.5 
26.9 

26.2 

25.3 

27.3 


28.7 

27.3 


24.1 

27.4 

22.9 

24.8 


25.6 

25.3 

26.8 

25.9 


1. 

2. 

3. 

4. 


Plate  alee,  1 x 40  x 90  Inch. 

SMI  Heat  890284,  NAR  Spec.  ST0170LB0032,  Rev.  E,  Cond.  A 
Nooinal  test  specinen  dla.  - 0.357  inch. 

Strain  rate  .005  inch/incb/min.  to  yield  point. 


I * 
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Table  7.2 


AXIAL  FATIGUE  PROPERTIES  OF  1"  THICK 


Ti-6A1-4V,  K - 1.0,  R - 0.1 


Condition 

Grain 

Direction 

Spec. 

•No. 

Max.  Fatigue 
Stress.  Ic8i 

Cycles  to 
Fail  X 1000 

As  Rec 

’d 

L 

AA-B-1 

130 

17.8 

AA-B-3 

110 

62.7 

AA-1-A2 

110 

238.2 

, 

AA-1-A3 

80 

2202 

1 

AA-B-2 

80 

2409 

r 

AB-1-1 

110 

246 

AB-1-3 

311 

AP-t-5 

281 

AB-J -2 

80 

2525 

AB-i-4 

2724 

■ • 

AB-1-6 

2542 

Heat  Cycled 

L 

M2-B-1 

130 

12.6 

6 Hrs.@  1700F 

M2-B-2 

17.8 

l 

M2-D-2 

23.5 

M2-H-1 

19.6 

M2-E-2 

120 

34.7 

M2-E-3 

43.2 

1 

{ 

M2-D-3 

1 

75.9 

1 

M2-C-2 

110 

488.2 

M2-C-3 

340 

■ 

M2-C-1 

356.8 

M2-A-3 

212.4 

: 

M2-B-3 

105 

62.1 

i i 

M2-A-2 

105 

280.9 

M2-H-2 

100 

316.2 

M2-H-3 

90 

689.3 

M2-F-3 

90 

860.5 

M2-G-2 

e 

JO 

1962 

M2-D-1 

1761 

M2-G-1 

4049 

M2-F-1 

3117 

M2-G-3 

70 

3235 

J 

M2-E-1 

5518 

' 

i 

1 

.I2-F-2 

60 

10245  NF 

145.5  ksi 

Ult 

Figure  7.6  Axial  Fatigue  Properties  of  Single-Bond/ 
Single-Axis  Diffusion  Bonded  Specimens 
es  Affected  by  Bonding  Anomalies 
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Table  7.3  STATISTICAL  ANALYSIS  OF  AXIAL  FATIGUE  DATA,  SINGLE-BOND/SINGLE -AXIS 
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Table  7.4  EFFECT  OF  BONDING  PARAMETER  VARIATIONS  ON  AXIAL  FATIGUE 
PROPERTIES,  SINGLE- BOND/SINGLE -AXIS,  Kf.  • 1,  R « 0.1 


Condition 

■M 

Max.  Fatigue 
Stress.  KSI 

Cycles  to 
Fail  X1000 

7.2%  deformation 

110 

261.7 

S 

(optimum) 

I 

212.2 

S 

1700F  for  4 hrs 

t 

273.5 

S 

M3A1 

80 

2254 

S 

M3A2 

1 

221 

S-DBI 

M3B3A 

t 

808.9 

S 

2.71%  deformation 

N3A2 

110 

34.4 

S-DBI 

1700F  for  6 hrs 

N3B1 

1 

284.4 

S 

N3B2 

t 

31.4 

S-DBI 

N3A1 

80 

1208 

S 

N3A3 

1 

1898 

S 

N3B3 

t 

1468 

S 

1.46%  deformation 

110 

18.9 

S-DBI 

1700F  for  6 hrs 

03A1 

1 

15.7 

DBI 

03A2 

I 

11.4 

DBI 

03B2 

80 

38.2 

S-DBI 

03B3 

1 

18.0 

DBI 

03A3 

T 

1589 

S 

\ T'T*»WrV*i; 
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Table  7.5  EFFECT  OF  GRAIN  SIZE  VARIATIONS  ON  AXIAL  FATIGUE  PROPERTIES, 
SINGLE-BOND/SINGLE-AXIS , R - 0.1,  Kt  « 1 


Max.  Fatigue  Cycles  to  Location  i 
Stress.  KSI  Fail  X1000  of  Origin! 


1104 


1.  All  specimens  bonded  at  1700F  for  6 hours  with  54  total 
deformation. 

2.  Longitudinal  grain  direction 

3.  S - Surface,  IB  - incomplete  bond 


L9 


Table  7.6  EFFECT  OF  VOIDS  ON  AXIAL  FATIGUE  PROPERTIES, 
SINGLE-BOND/SINGLE -AXIS,  Kt  - 1,  R - 0.1 


Void  Size, 

Inch 

Max.  Fatigue 
Stress.  KSI 

Cycle  to 
Fail  X1000 

Location 
of  Origin 

IDiaaeter  1 Depth 

KH 

S3A2 

110 

165.4 

S-ND 

.006 

S3B1 

I 

338.5 

I-D 

Kill' 

S3B3 

* 

212.5 

S-ND 

Jwgi 

S3A1 

80 

1540 

S-ND 

mm 

► 

S3A3 

l 

1137 

S 

S3B2 

T 

1429 

I-D 

.010 

mm 

T3A1 

110 

1 

S-D 

1 

T3B1 

1 

S-D 

K 

T3B2 

? 

mmsmM 

I-D 

.011 

T3A2 

80 

1404 

S 

.010 

T3A3 

! 

3473 

S 

7 

.009 

T3B3 

t 

1931 

I 

.020 

.018 

U3A2 

110 

, ..  . .... 

43.6 

S-ND 

.018 

U3A3 

I 

318o7 

S-ND 

.019 

U3B3 

¥ 

106 

I 

.018 

U3A1 

1572 

I-D 

.019 

U3B1 

1 

245 

I-D 

T 

.020 

U3B1A 

* 

1800 

I-D 

1.  All  specimens  bonded  at  1700F  for  6 hours  with  & 57.  total 
deformation. 

2.  Longitudinal  grain  direction 

3.  Specimen  dia  * .250" 

4.  All  voids  cylindrical  in  shape  with  length/ diameter  # 1. 

5.  S - surface,  ND  - no  defect,  D - defect,  I - internal 
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Table  7.7  EFFECT  OF  CONTAMINATION  ON  AXIAL  FATIGUE  PROPERTIES, 
SINGLE-BOND/SINGLE-AXIS,  Kc  - 1,  R - 0.1 


Con tssina tion , 

Inch 

Spec. 

Max.  Fatigue 

Cycle  to 

Location 

Type 

L-Dia, 

Depth 

No. 

Stress.  KSI 

Fail  X1000 

of  Origin 

V3B2 

110 

30 

I-D 

Alpha 

.093 

.c 

02 

V3A1 

25.2 

I-D 

case 

V3A2 

1 

15 

I-D 

layer 

V3A3 

80 

12 

S-D 

V3B1 

562 

S-D 

V3B3 

1 . i 1476.  , 

.-S-D .... 

304 

.013 

.012 

W3A3 

110 

590 

I 

S.S, 

*010 

W3B1 

1 

113.8 

I-D 

powder 

.011 

W3B2 

♦ 

68 

I-D 

inclusion 

.005 

W3A1 

80 

3952 

s 

.012 

W3A2 

1 

i 

826 

I 

.010 

W3B3 

? 

1573 

I-D 

Si02 

.013 

.010 

i X3A1 

110 

1 40.9 

I-D 

powder 

.008 

X3A2 

' 

i 201.5 

I-D 

inclusion 

.010 

X3A3 

* 

336 

S 

,010 

X3B1 

80 

281 

S 

.011 

X3B2 

36 

I-D 

? 

.010 

X3B3 

\ 

809 

S 

1.  All  specimens  bonded  at  1700F  for  6 hours  with  & 57.  total 
deformation. 

2.  Longitudinal  grain  direction 

3.  Specimen  dia  « .250" 

4.  I - internal,  S - surface,  D - defect 


a 

j 


i 


"T 

s 

1 


5 

J 


a 
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Section  7.2.3 

Doub le-Bond/S ingle -Axis  Ti-6Al-4V 
Fatigue  and  Tensile  Data 


3 

-i 

* 

( 

i 

■$ 

i 


201 


i«rti 
i dint 


Table  7.10  EFFECT  OF  BONDING  PARAMETER  VARIATIONS  ON  AXIAL 
FATIGUE  PROPERTIES,  DOUBLE-BOND/SINGLE -AXIS, 

Kt  « 1,  R - 0.1 


Condition 

Spec.  No. 

Max.  Fatigue 
Stress.  KSI 

Cycles  to 
Fail  X1000 

Location 
of  Origin 

7.67.  deformation 

M4A1 

110 

85.5 

I-3B 

(optimum) 

M4A3 

35.6 

S 

1700F  for  4 hrs 

M4B2 

1 

246.1 

S 

M4A2 

80 

941 

NBL-S 

M4B1 

1401 

S 

M4B3 

2072, 

S 

2.7  7.  deformation 

N4A2 

no 

343.4 

S 

1700F  for  6 hrs 

N4A3 

1 

1 

80.4 

I -IB 

B4-3 

r 

316.7 

S 

N4A1 

8 

0 

1190 

S-NBL 

B4-1 

1815 

S -NBL 

B4-2 

55 

S-IB 

1.6  % deformation 

04 A 1 

no 

34.5 

s 

1700F  for  6 hrs 

04A3 

225.5 

S-NBL 

04B1 

r 

191 

S 

04A2 

80 

1401 

S-NBL 

04B2 

1053 

S-NBL 

* 

04B3 

t 

886 

S-IB 

i i 

L.  ,,  .1 


I - internal 
IB  - incomplete  bond 
S - surface 
NBL  - not  in  bond  line 

1"  thick  plate,  RMI  #890284 
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Table  7.11  EFFECT  OF  GRAIN  SIZE  VARIATIONS  ON  AXIAL  FATIGUE 

PROPERTIES,  DOUBLE-BOND/SINGLE -AXIS,  Kt  = 1,  R - 0. 


ASTM 

Max.  Fatigue 

Cycles  to 

Location 

Grain  Size 

Spec.  No. 

Stress.  KSI 

Fail  X1000 

of  Origin 

10 

P4B1 

110 

424 

I 

P4B2 

i 

325.1 

S 

P4B3 

t 

42.9 

I -IB 

P4A1 

8 

D 

412 

I 

P4A2 

2183 

I-NBL 

P4A3 

2019 

I-NBL 

9 

Q4B1 

11 

0 

217.4 

2I-IB 

Q4B2 

19 

S-2I (IB) 

Q4B3 

’ 

70 

I-I3 

Q4A1 

80 

1683 

S-NBL 

Q4A2 

I 

1967 

S 

Q4A3 

T 

1559 

. 

S 

7.5 

R4B1 

11 

0 

390.8 

I 

R4B2 

286 

S 

R4B3 

200.6 

S-NBL 

R4A1 

8 

0 

1051 

S-NBL 

R4A2 

1332 

S-NBL 



R4A3 

1 

\ 

727 

2I-IB 

I - internal 

S - surface 

IB  - incomplete  bond 

NBL  - not  in  bond  line 

1"  thick  plate,  RMI  #890284 
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Table  7.12  EFFECT  OF  VOIDS  ON  AXIAL  FATIGUE  PROPERTIES, 
DOUBLE-BOND/SINGLE-AXIS,  Kt  ■ 1,  R ■ 0.1 


Void  Size,  Inch 

Spec. 

No, 

Max.  Fatigue 
Stress.  KSI 

Cycles  to 
Fail  X1000 

Location 
of  Origin 

Max.  Depth 

.0065 

.006 

S4B1 

110 

22.8 

SD-ID 

.006 

S4B2 

1 

408.6 

5 -NBL 

.006 

S4B3 

t 

244 

3ID 

.007 

S4A1 

80 

1538 

S-ID 

.005 

S4A2 

I 

2004 

S-NBL 

.006 

S4A3 

f 

2032 

S 

.010 

.011 

T4B1 

110 

31,3 

SD-2ID 

.011 

T4B2 

1 

89.8 

21 -IB 

.010 

T4B3 

? 

68 

2ID 

.011 

T4A1 

80 

31 

SD-3ID 

.011 

T4A2 

32 

SD-3ID 

.010 

T4A3 

t 

42 

SD-3ID 

.020 

.021 

U4B1 

110 

17.0 

2ID 

.020 

U4B2 

1 

76.0 

3ID 

.018 

U4B3 

? 

8.5 

7ID 

.021 

U4A1 

80 

50 

S-ID 

.021 

U4A2 

i 

14 

2ID 

.020 

U4A3 

1 

18 

3SD-2ID 

Each  specimen  contained  4 voids  located  90°  apart  on  3/16" 
diagonal  centers. 

SD  - surface  defect 
ID  - internal  defect 
S - surface 
NBL-  not  in  bond  line 
IB  - incomplete  bond 
I - Internal 
1"  thick  plate. 


RMI  #890284 


^w^^s*zv»*?^z.‘&z!y'?  ut 


Table  7.13  EFFECT  OF  CONTAMINATION  ON  AXIAL  FATIGUE  PROPERTIES, 
DOUBLE-BOND/SINGLE-AXIS,  Kt  * 1,  R - 0.1 


Contamination, 

Inch 

Spec. 

Max.  Fatigue 

Cycles  to 

Location 

Type 

Dia. 

Depth- 

No. 

Stress.  KSI 

Fail  X10C0 

of  Origin 

Alpha 

.186 

.01 

32 

V4B1 

110 

1.46 

ID 

Case 

V4B2 

0.58 

ID 

Layer 

V4B3 

V 

0.56 

ID 

V4A1 

80 

675 

S-ID 

V4A2 

1177 

SD 

i 

V4A3 

V 

903 

ID 

304 

.0065 

.008 

W4A2 

110 

125.5 

SD 

s.s. 

.006 

W4B2 

31.8 

2ID 

powder 

.007 

W4B3 

7 

28.9 

2ID 

inclusion 

.010 

W4A1 

80 

1642 

S-NBL 

, 

7 

.009 

W4A3 

1545 

S-NBL 

.005 

W4B1 

7 

1177 

S-NBL 

1 

Si02 

.0065 

.007 

X4A1 

. . L . 

110 

63.7 

3ID-IB 

powder 

.008 

X4A2 

i 

30.5 

7ID-SD 

inclusion 

.007 

X4A3 

f 

11.3 

9ID 

.007 

X4B1 

80 

578 

ID  1 

i 

.007 

X4B2 

629 

7ID  ! 

1 

.006 

X4B3 
— — . - 

7 

— 

1499 

ID  ] 

I - internal 

SD  - surface  defect 

ID  - internal  defect 

IB  - incomplete  bond 

1"  thick  plate,  RMI  £890284 
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Section  7.2.4 

Multiple-Bond/Two-Axes  Ti-6Al-4V 
Fatigue  and  Tensile  Data 
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Table  7.15  STATISTICAL  ANALYSIS  OF  AXIAL  FATIGUE  DATA 
DOUBLE-BOND/TWO-AXES,  Kt  - 1,  R « 0.1 
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Table  7.16  EFFECT  OF  BONDING  PARAMETER  VARIATIONS  ON  AXIAL 
FATIGUE  PROPERTIES,  DOUBLE-BOND/TWO-AXES, 

Kt  - 1,  R - 0.1 


Condition 

Deformation.  7. 

Long. 

Short  Trans. 

6.0 

3.5 

4.8 

8.3 

4.8 

8.3  ? 

6.0 

3.5  j 

6.0 

3.5 

4.8 

8.3 

..  j 

Spec. 

No. 


Max.  Fatigue 
Stress.  KSI 


Cycles  to 
Fail  X1000 


Location 
of  Origin 


M5A2 
M5B1 
MSB  3 
M5A1 


24 

23 
12 

24 
30 

3122 


IBST 

IBST 

IBST 

IBST 

IBST 

S 


C' 


* 
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Table  7.17  EFFECT  OF  GRAIN  SIZE  VARIATIONS  ON  AXIAL  FATIGUE 
PROPERTIES,  DOUBLE  BOND/TWO-AXES,  Kt  = 1,  R = 0.1 


a 


i 

i 

1 

Condition 

Spec. 

No. 

Max.  Fatigue 
Stress.  KSI 

Cycles  To 
Fail  X1000 

Location 
of  Origin 

f 

Deformation,  % 

Long, 

I Short  Trans. 

£ 

ASTM  Grain  S 

Size  No.  10 

6.0 

3.5 

PSA  3 

110 

29 

IBST 

r 

5.9 

5.8 

P5B2 

31 

I -IB 

L 

5.9 

5.8 

P5B3 

23 

IBST 

; 

6.0 

3.5 

P5A1 

8 

0 

73 

IBST 

: 

6.0 

3.5 

P5A2 

4961 

3-NP 

\ 

l 

5.9 

5.8 

P5B1 

i 

389 

I-IB 

s 

ASTM  Grain  £ 

>ize  No.  8 

\ 

5.4 

6.0 

Q5A2 

110 

510 

S-NP 

5.4 

6.0 

Q5A3 

21 

IBST 

5.8 

2.0 

Q5B3 

’ 

156 

I-IB 

5.4 

6.0 

Q5A1 

80 

3489 

S-NP 

5.8 

2.0 

Q5B1 

4135 

S-NP 

\ 

* 

5.8 

2.0 

Q5B2 

T 

2891 

S-NP 

i 

— — 

ASTM  Grain  Size  No.  7 

5.4 

2.2 

R5A2 

110 

354 

S-NP 

J 

6.0 

2.0 

R5B1 

17 

IBST 

p 

6.0 

2.0 

R5B3 

T 

23 

S-NP 

r 

5.4 

2.2 

R5A1 

80 

56 

IBST 

5.4 

2.2 

R5A3 

304 

S-BP 

i 

i 

6.0 

2.0 

R5B2 

1 

’ 

841 

S-NP 

IBST  - incomplete  bond  in  short  transverse  direction 
I - internal 
IB  - incomplete  bond 
S - surface 
NP  - not  in  bond  plane 
BP  - in  bond  plane 
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I/SD  - interaal/surface  defect 
IBTP  - incomplete  bond  in  transverse  plane 
I - internal 
NP  - not  in  bond  plane 
IB  - incomplete  bond 
S - surface 
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MagBrnSigiM 


Cont 


Alph 
Case 
.375 
dia. 
x .0 


7 

t /o 

Spec. 

Max.  Fatigue 

Cycles  to 

Location 

No. 

Stress.  KSI 

of  Failure 

V5A1 

110 

25 

I/SD 

V5A2 

+ 

t 

44.6 

I/SD 

. V5B3 

17 

IBST 

;V5A3 

80 

1677 

I/SD 

IV5B1 

168 

S-IB 

i V5B2 

1 

f 

1727 

I-IB 

i 

X 

1 

5A2  110 

5.1 

, 

ID  i 

X 

5B1  [ 

0.9 

SD 

X 

5B3  f 

9.0 

S-IB 

jx 

5A1  80 

5.6 

SD 

ix 

5A3  f 

20.4 

SD 

1! 

5B2  t 

6.4 



ID 

L . __  1 

I/SD 

IBST 

S 

IB 

ID 

I-NP 

SD 


internal/surface  defect 

incomplete  bond  in  short  transverse  direction 
surface 

incomplete  bond 
internal  defect 
internal,  not  in  bond  plane 
surface  defect 


Taala  7.20  mn<  XSnkrW  or  I 


e.  TO  on  I tlmt.  : SJt. 
. oi  rat  Ikiri  I 


6.0* 

3.6 

AH 

12*. 2 

132.6 

3.6 

10.64 

•2 

126.6 

137.1 

9.6 

13.3  * 

•3 

126.6 

133.5 

3.7 

16.3  ♦ 

A VC  a 

126.1 

133.2 

6.0 

12.6 

2.M 

10.0 

•3*1 

126.6 

137.6 

16.7 

16.6  a 

•2 

126.3 

136.1 

3.7 

12.7  3 

-3 

ue.a 

137.7 

10.7 

16.7  a 

AVC. 

126.3 

137.7 

6.0 

17.3 

0.76 

2.2 

CS-1 

126.7 

137.0 

12.1 

27.0 

-2 

127.3 

136.6 

12.1 

31.0 

-3 

121.3 

133.6 

*.3 

20.3  •* 

AVC. 

126.2 

136.6 

11.2 

26.6 
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STATISTICAL  ANALYSIS  OF  AXIAL  FATIGUE  DATA, 
MULTIPLE -BOND/ 3 -AXES,  Kt  = 1,  R = 0.1 
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Table  7.22  EFFECT  OF  BONDING  PARAMETER  VARIATIONS  ON  AXIAL  FATICUE 
PROPERTIES,  MULTIPLE-B0ND/3-AXES,  Kt  = 1,  R = 0.1 


Short  Transverse 

Max.  Fatigue 

Cycles  to 

Location 

Deformation.  % 

Spec.  No. 

Stress.  KSI 

Fail  X1000 

of  Origin 

3.8 

M6A1 

110 

81 

I -IB 

3.8 

M6A2 

1 

561 

s 

4.0 

M6B3 

t 

11.2 

IB 

3.8 

M6A3 

80 

4681 

S-NBP 

4.0 

M6B1 

1 

80 

TB 

4.0 

M6B2 

7 

39 

IB 

4,3 

N6A1 

110 

29.7 

IB 

4.3 

N6A3 

1 

11.3 

IB 

2.0 

N6B3 

T 

9 

IB 

4.3 

N6A2 

80 

2194 

S 

| 2.0 

N6B1 

! 

11 

IB 

! 2.0 

i 

N6B2 

1 

7 

22 

IB 

2.5 

i 

: 06A1 

110 

4.6 

IB 

2.5 

i 06A2 

7 

6.5 

IB 

| 2.0 

■ 06B3 

3.0 

IB 

! 2.5 

06A3 

80 

21 

IB 

2.0 

06B1 

: i 

7 

14 

IB 

2.0 

06B2 

i 

14 

IB 

.25"  dia.  test  section. 

Longitudinal  and  transverse  directions  restrained  but  not  deformed. 
Bonded  6 hours  at  1700°F. 

I - internal,  IB  - incomplete  bond,  S - Surfa'  , NBP  - Not  in  bond 
plane.  ; 
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Table 

7.23 

EFFECT  OF 

GRAIN  SIZE  VARIATIONS 

ON  AXIAL  FATIGUE 

1 

PROPERTIES,  MULT I PLE -BOND/3 - AXES 

, Kt  = 1,  R ■ 

= 0.1 

j 

J 

a 

f 

ASTM  ! 

i 

1 

1 

i 

if 

t 

Grain 

Short 

Transverse 

i Spec. 

Max.  Fatigue  ! 

Cycles  t.o 

Location 

1 

Size  No. 

Deformation,  % 

1 No. 

Stress 

.KSI  | 

Fail  X1000 

of  Origin 

11 

4.2 

p6ai  ; 

[ ! 

110  ! 

205.7 

S-NBP 

1 * 

i 3 

4.2 

P6A2  j 

1 \ 

! 

321.1 

I-NBP 

1 ; 

4.0 

: P6B3 

1 T ; 

Static 

NBP  j 

1 s 

4.2 

P6A3 

: so 

2943 

S-NBP 

~ 

4.0 

P6E1 

3977 

S 

i 1 

4.0 

P6B2 

1 

1 ! 

1605 

1 

S-NBP 

! i 

1 \ 

8 

4.5 

' Q6A1 

j 1 

110 

1 

1 

287.8 

S-NBP 

! < 

i ; 

i - 

4.5 

Q6A3 

1 

31.3 

| S-IB 

\ 

4.8 

Q6B3 

\ 

} S-NBP 

4.5 

Q6A2 

1432 

I 

1 

4.8 

Q6B1 

1653 

• S-NBP 

, j 

4.8 

Q6B2 

1 

1 

6311 

S-NB? 

; 

T 


7 

3.5 

R6A1 

110 

38.9 

IB 

: 

R6A2 

59,5 

S-NBP 

: 

R6B2 

» 

4.5 

IB 

R6A3 

80 

132 

IB 

f 

R6B1 

913 

S 

1 

R6B3 

'1 

228 

I- IB 

3 

t 

S - Surface,  NBP  - not  in  bond  plane, 
I - internal,  IB  - incomplete  bond 
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i 
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Table  7 . 24  EFFECT  OF  CHAMFERED  CORNER  VOIDS  ON  AXIAL  FATIGUE 
PROPERTIES,  MULTIPLE-BOHD/3-AXES,  Kt  = 1,  R = 0.1 


Chamfered 

Corner  Void  Short  Transverse 
Size.  Inch  Deformation  TL 


S6A3 

S6B1 

S6B2 

S6A1 

S6A2 

S6B3 


Max.  Fatigue  j Cycles  to 
Stress.  KSI  ! Fail  X1000 


160.3 

10.0 

9.8 

312 

2274 

16 


t 

.030 

5.0 

4.3 

i 

4.3 

5.0 

5.0 

— »j 

4.3 

U6B3 

U6A1 

U6A2 

U6B2 


I- IB 

IB 

IB 

I- IB 
I-NBP 
ID- IB 


— 1 

L8  : 3.5 

r 

T6A3 

110 

70.3 

,XB 

! 4.2 

T6B1 

« 

T 

2.5 

IB 

4.2 

T6B3 

0.97 

IB  j 

j 3.5 

T6A1 

PO 

3869 

s i 

3.5 

T6A2 

1 

14 

IB  ! 

I 

i 

T6B2 

f 

7 

— - 

IB  ! 

SD-S  /BP 
S -NBP 


I - internal,  IB  - incomplete  bond,  NBP  - not  in  bond  plane, 
ID  - internal  defect,  BP  - bonding  plane,  S - surface 
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Table  7.27  COMPACT  TENSION  FRACTURE  TOUGHNESS  OF  DIFFUSION  BONDED 
Ti-6A1-4V  PLATE  L-T  DIRECTION,  1"  THICK 


Condition 


Spec.  No.  | Kr 


KSI-fln  2.5(KI^Uys' 


Pmax, 


As  Received 

! IP  ; 

52  e 7 

2P 

52.9 

AVG. 

i 

52.8 

Diff.  Bonded 

1 

1CT 

75.9* 

Plane  Parallel 

2CT 

! 78.0* 

to  Notch 

AVG. 

76.9* 

Diff.  Bonded 

3CT 

80,** 

Plane  Perpen- 

4CT 

77.3* 

dicular  to  Notch 

AVG. 

77.9* 

1.00 

1.00 


1.15 

1.14 


1.12 

1.16 


* (did  not  pass  para.  9.1.2  of  ASTM  E399-72  Requiring  Pmax/PQSi 1.1) 


The  results  of  the  stress  corrosion  cracking  tests  are 
sunanarized  in  Table  7.28.  This  material,  in  both  the  annealed 
and  heat-cycled  conditions,  has  shown  virtually  no  suscepti- 
bility to  cracking  in  salt  water  despite  the  fact  that  several 
of  the  specimens  are  stressed  to  within  90  to  100%  of  the 
fracture  toughness  values  in  air.  The  presence  of  a bond 
plane  within  the  specimen,  either  coplanar  with  the  fatigue 
precrack  or  perpendicular  to  it  near  the  tip,  does  not  appear 
to  deteriorate  this  apparent  immunity  to  stress  corrosion 
cracking. 
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RESULTS  OF  STRESS  CORROSION  CRACKING  TESTS  ON  BONDED  AND  UNBONDED  T1-6A1-4V 

CORRODANT  - 3 %%  NaCl  SOLUTION 


consisted  of  holding  at  1700  F for  6 hours  and  ♦-hen  furnace  cooling. 


8.  CORRELATION  OF  NDE  DATA,  MECHANICAL 
PROPERTIES,  AND  FRACTOGRAPHY 

8 . 1 Tensile  Properties 

Yield  strength  and  ultimate  tensile  strength  are  not 
sensitive  indicators  of  bond  quality  in  titanium  diffusion 
bonded  joints  as  joints  which  would  be  considered  unacceptable 
by  metallographic  examination  often  have  strengths  equivalent 
to  the  base  metal  (Ref.  14).  The  ductility  exhibited  at  frac- 
ture and  the  type  of  fracture  have  been  found  to  give  a 
better  indication  of  bond  quality.  The  reduced  ductility  in 
poor  diffusion  bonded  joints  is  most  strongly  reflected  in 
the  reduction  of  area  and  less  so  in  elongation.  Therefore, 
nondestructive  evaluation  data  was  mainly  compared  to  reduc- 
tion of  area  in  order  to  correlate  tensile  properties  with 
NDT  data.  Fracture  surfaces  of  many  of  the  tensile  specimens 
were  examined  after  failure  in  an  attempt  to  determine  the 
origin  of  these  failures.  The  effect  of  the  different  types 
of  intentional  defects  on  tensile  properties  was  also  examined. 
These  effects  were  observed  in  Tables  7.8,  7.14,  7.20,  and  7.26. 

8.1.1  Effects  of  Intentional  Defects  on  Tensile 
Properties 

(1)  Bonding  Parameter  Variations 

Total  deformation  can  be  used  as  a measure  of  bond 
strength  in  single-axis  joints  providing  all  other  bonding 
parameters  such  as  temperature,  time  at  temperature,  vacuum, 
surface  finish  of  bonded  parts,  etc.  are  held  constant. 

The  effect  of  insufficient  deformation  of  C3  is  projected  in 
lower  reductions  of  area  obtained  as  compared  to  A3.  Ir 
specimen  C4,  section  G4-B,  had  considerably  better  surface 
finish  ( «12  RMS)  than  bonding  surfaces  on  C3  (30-60  RMS),  this 
is  apparently  the  reason  for  the  better  bond  in  C4  as  compared 
to  C3.  For  bonding  surfaces  having  better  surface  finishes, 
lower  deformations  are  required  to  obtain  a good  bond. 

In  multiple-axes  joints,  relating  deformation  with  bond 
strength  is  much  more  complex.  Deformations  obtained  on 
complex  parts  cannot  always  be  related  to  localised  pressure 
at  the  bonding  surface.  In  bonding  the  multi-axes  specimens, 
proper  restraint  by  the  tooling  along  the  sides  of  the 
specimens  appeared  to  be  as  important  as  obtaining  large 
deformations.  In  A6,  B6,  and  C6  specimens,  with  the  sides 
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restricted  by  tooling,  the  bond  quality  as  reflected  by  the 
reduction  of  area  was  dependent  on  the  deformation  received 
along  the  direction  of  applied  pressure  application  (short 
transverse  direction). 

(2)  Grain  Size  Variations  ■ 

I 

No  significant  effects  on  ductility  after  bonding  were  J 

observed  in  specimens  having  different  primary  alpha  grain 
sizes  (D-.  E-,  F-  ).  Yield  strengths  cf  the  grain  growth  j 

specimens  were  somewhat  less,  however.  This  is  apparently  i 

due  to  increased  annealing  caused  by  heating  the  E-  and  F-  ; 

specimens  to  higher  temperatures.  I 

i 

(3)  Surface  Voids  j 

I 

In  the  case  of  voids  shaped  in  the  form  of  cylinders  j 

(L/D-l) , the  only  specimens  whose  tensile  properties  were  • 

significantly  affected  were  the  14  specimens.  These  voids  ; 

consisted  of  a cluster  of  four  cylinders  of ~. 020"  dia.  and 
-.020"  depth.  Voids  having  small  diameters  had  no  signifi- 
cant effect  on  reduction  of  area.  For  voids  in  the  form  of 
chamfered  edges  and  comers,  results  are  less  conclusive.  It  \ 

appears  that  the  side  of  the  chamfer  must  have  a dimension 
of  =.018"  before  an  appreciable  effect  on  tensile  properties 
is  made.  1 

(4)  Surface  Contamination 

(a)  Alpha  Case  Layer  - Slightly  reduced  ductility  was 
observed  ir  most  of  the  tensile  specimens  containing  an  alpha 
case  layer.  Tensile  properties  appeared  to  be  independent  of 
diameter  of  the  layer. 

(b)  Type  304  stainless  steel  and  Si02  Powder  Inclusions  - 
Powders  packed  into  cylinders  .0065"  dia.  had  no  effect  on 
tensile  properties.  However,  powder  inclusions  of  .013"  dia. 
effected  ductility.  Powders  packed  into  chamfered  edges  and 
comers  had  quite  a large  effect  on  ductility  where  the  side 

of  the  chamfer  had  a dimension  ranging  from  .022"  to  .048". 

8.1.2  Correlation  of  NDE  Data  with  Tensile  Properties 

Very  little  correlation  can  be  made  between  fluorescent 
penetrant  inspection  results  and  tensile  properties  since  nc 
bond  line  indications  were  obtained  from  the  penetrant  inspee- 
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tions  on  any  of  the  tensile  specimens.  Apparently  poorer  bonds 
than  those  obtained  on  the  diffusion  bonded  test  specimens  are 
required  for  detectability  by  this  technique. 

Blue  e'cch-anodize  (BEA)  inspection  is  much  more  sensitive 
to  alpha  case  than  to  other  types  of  intentional  defects. 

For  specimens  not  containing  an  alpha  case  layer,  detection 
appeared  to  be  dependent  on  deformation  received.  For  speci- 
mens containing  internal  defects,  neither  blue  etch-anodize 
(BEA)  nor  fluorescent  penetrant  inspection  would  be  expected 
to  find  these  flaws. 

Ultrasonic  delta  scan  inspection  was  particulary  effective 
in  finding  internal  defects  of  the  form  of  stainless  steel  and 
SiCL  powder  inclusions  and  incomplete  bond  areas.  Most  of 
the'aefects  in  the  form  of  cylindrical  voids  and  cylindrical 
surface  contamination  having  diameters  of  .010"  and  greater 
were  detected  by  this  technique.  Uoids  and  inclusions  in  the 
form  of  chamfers  were  more  difficult  to  detect. 

Ultrasonic  signal  averaging  data  was  related  to  tensile 
properties  by  plotting  the  ratio  of  defect  signal  amplitude  to 
arithmetic  average  (defect  amplitude/AA)  as  a function  of  re- 
duction in  area.  These  results  are  shown  in  Figure  8.1.  In 
general,  larger  defect  amplitude/AA  ratios  are  associated  with 
lower  reductions  in  area.  For  instance,  no  reductions  in  area 
above  23.3%  were  found  for  specimens  with  defect  amplitude/AA 
ratios  greater  than  10.  The  mean  values  of  reduction  in  area 
over  block  increments  of  defect  amplitude/AA  along  with  their 
standard  deviation  are  presented  in  Figure  8.2. 
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fa . 2 Axial  Fatigue  Properties 

Fatigue  properties  are  expected  to  be  sensitive  indicators 
of  oond  quality  in  titanium  diffusion  Ponded  joints.  Again, 
the  mode  of  fracture  can  determine  the  origin  of  failure  and 
thus  effects  of  certain  defects  on  fatigue  properties. 

8.2.1  Effects  of  Intentional  Defects  on  Fatigue 
Properties 

1.  Bonding  Parameter  Variations 

Fatigue  lifes  were  considerably  shorter  for  specimens  hav- 
ing small  deformations  (0-  ).  In  specimen  04,  section  04-B 
like  C4-B  had  a much  better  surface  finish  than  03,  thus 
giving  an  improved  fatigue  life. 

2.  Grain  Size  Variations 


Mo  definite  trends  were  established  between  fatigue  life 
and  primary  alpha  grain  size  except  that  the  larger  grained 
specimens  (R-  ) had  slightly  lower  fatigue  life  at  80  KSI 
maximum  stress  level. 

The  larger  alpha  grain  size  material  having  a lower 
fatigue  life  at  the  lower  maximum  stress  of  80  KSI  concurs 
with  findings  (Ref.  15  ) that  a relationship  exists  between 
fatigue  life  and  the  inverse  of  the  primary  alpha  grain  size 
for  low  stress-high  cycle  (~108)  fatigue. 

3.  Surface  Voids 


No  effect  on  fatigue  life  was  found  for  single  cylindri- 
cal voids  of  size  .0065",  .010",  and  .020”  respectively. 
However,  if  you  have  two  or  more  defects  this  size,  in  close 
proximity,  there  will  be  an  effect  (Ref.  16). 

The  effect  of  voids  in  the  form  of  chamfered  corners  and 
edges  was  less  predictable.  Although  most  of  these  type  voids 
lowered  the  fatigue  life,  the  limit  on  size  of  the  chamfer 
which  would  affect  fatigue  data  was  difficult  to  establish. 

4 .  Surface  Contamination 


(a)  Alpha  Case  Layer  - Fatigue  life  reduced  considerably 
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on  specimens  having  a maximum  fatigue  stress  of  110  KSI.  Much 
smaller  effect  observed  on  samples  having  a maximum  fatigue 
stress  of  80  KSI. 


(b)  Type  304  Stainless  Steel  and  Si02  Powder  Inclusions  - 
The  effect  of  Si02  powder  on  lowering  fatigue  life  was  greater 
than  that  of  the  stainless  steel  powder.  Cylindrical  Si0? 
powder  inclusions,  .0065  dia.  and  greater  lowered  fatigue  rife. 

The  lowering  was  greatest,  however  for  the  cylindrical  inclu- 
sion .050"  in  diameter.  Chamfered  coiners  with  sides  .025" 
packed  with  both  types  of  powder  had  a considerable  effect. 

8-2.2  Correlation  of  NDE  Data  with  Fatigue  Properties 

Fatigue  lifes  were  compared  with  the  defect  amplitude/AA 
ratio  as  determined  from  ultrasonic  signal  averaging  measurements 
(see  Section  6.2.3).  Comparisons  were  made  at  both  110  KSI  and 
80  KSI  stress  levels.  Fatigue  failures  were  seperated  into  two 
groups;  (a)  failures  originating  at  the  surface  and  (b)  failures 
originating  away  from  the  surface.  Fatigue  life  was  plotted  as 
a function  of  defect  auplitude/AA  for  both  types  of  failures. 

These  results  are  given  in  Figures  8.3  through  8.6. 

In  general,  specimens  having  failures  originating  at  the 
surface  had  good  fatigue  properties  and  low  defect  amplitude/AA 
ratios.  Fatigue  specimens  with  failures  originating  away  from 
the  surface  exhibited  fatigue  lifes  inversely  proportional  to  the 
defect  amplitude/AA  ratio.  In  Figures  8.7  and  8.8,  the  mean  values 
of  fatigue  life  over  increments  in  defect  amplitude/AA  are  shown 
as  a function  of  defect  amplitude/AA.  For  defect  amplitude/AA 
ratios  greater  than  30,  fatigue  properties  are  poor.  For  defect 
amplitude/AA  ratios  less  chan  30,  one  is  less  able  to  predict 
fatigue  lifetimes.  This  is  brought  out  by  the  large  standard 
deviation  of  fatigue  lifetime  values  for  low  ratios  of  defect 
amplitude/AA. 


Defect  Amplitude /Arithmetic  Average 


Fatigue  Life  v»  Defect  Amplitude /AA  for  Diffusion  Bonded  Specimens 
with  Internally-Initiated  Failures  (Stress  Level  - SO  ksi) 


Defect  Araplltude/Arittaetic  Avenge 
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electron  micrographs  of  four  fracture  surfaces  of  6*4  titanium 
representing  four  different  thermal  histories.  Figure  8.9(a) 
depicts  material  from  the  1"  plate  in  the  as-received  condition. 
Figures  8.9(b),  8.10(a),  and  8.10(b)  show  the  fracture  topography 
for  material  which  had  held  for  6 hours  at  temperatures  of  1700, 
1735,  and  1775°F,  respectively.  Although  the  as-received  material 
shows  a somewhat  more  irregular  surface  than  the  heat-soaked 
specimen,  the  basic  texture  is  vident  in  all  the  specimens. 

Tne  higher  magnification  (1000X)  photomicrographs  of  Figures 
8.11(a)  and  8.11(b)  show  the  mode  of  fracture  to  be  primarily 
void  coalescence  for  both  the  unheated  material  and  the  material 
which  had  been  subjected  to  the  highest  temperature.  The  texture 
of  the  fracture  network  is  coarser  in  the  latter  material  than 
in  the  former.  The  two  intermediate  heat-soaking  temperatures 
produced  fracture  networks  which  were  intermediate  to  these  two 
extremes  in  coarseness. 


Figures  8.11  and  8.12  show  the  fracture  topography  for 
diffusion  bonded  specimens  containing  good  bonds.  The  effect 
due  to  different  primary  alpha  grain  sizes  between  specimens, 
P4A1  and  R4A3  on  the  texture  of  the  fracture  network  can  be 
observed  in  Figure  8.12.  The  texture  is  coarser  in  the  larger 
grained  material. 


Both  low-magnification  and  high-magnification  scanning 
electron  micrographs  of  a fracture  surface  where  insufficient 
deformation  was  obtained  during  the  bonding  cycle  is  shown  in 
Figure  8.14.  Machining  marks  on  the  bonding  surface  are  still 
visible  in  the  low-magnification  micrograph. 


Micrographs  showning  the  effects  of  cylindrical  voids 
on  fracture  topography  are  shown  in  Figures  8.15,  8.16  and  8.17 
Both  low-magnification  and  high-magnification  micrographs  are 
shown.  Thermal  etching  inside  the  holes  can  be  observed  in 
the  high  magnification  photographs.  Voids  lying  at  the  sur- 
face acted  as  crack  initiators.  The  effect  of  a cylindrical 
void  lying  at  the  surface  on  the  fracture  topography  can  be 
seen  in  Figure  8.17.  The  effect  of  voids  in  the  form  of 
chamfered  corners  can  be  seen  in  Figures  8.18  and  8.19. 
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(b)  Fl-1,  1"  Plate,  Heated  at  1775°F  for  6 Hours, 
Furnace  Cooled 


Figure  8.11  Scanning  Electron  Micrographs  of  Two  Ti-6A1-4V  Fracture 
Surfaces  (1000X) 
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Figure  8.12  Scanning  Electron  Micrographs  Showing  Fracture 
Surfaces  of  Two  Ti-6A1-4V  Diffusion  Bonded 
Specimens  Containing  Good  Bonds 
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Figure  8.15 


SEM  Fractographs  of  Diffusion  Bonued  Specimen  S<4B3 
Containing  a Cylindrical  Void  of  .0065"  Diameter 
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Figure  8.16  SEM  Fractop/aphs  of  Diffusion  Bonded  Specimen 
UjBI  Conta'aing  a Cylindrical  Void  of  .020" 
Diameter 


250 


tuna**  xii- 


if.fl-a.-m 


,-.M- 


1000X 


Figure  8.18  SEM  Fractographs  of  Diffusion  Bonded  Specimen 

S5A1  Containing  a Void  in  the  rm  of  a Chamfer 
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Figure  8.19  SEfo  Fractographs  of  Diffusion  Bonded  Specimen 

T5B1  Containing  a Void  in  the  Form  of  a Chamfer 
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The  effects  of  different  types  of  surface  contamination 
are  shown  in  Figures  8.20,  8.21,  and  8.22.  Specimen  V5A1  con- 
tained an  alpha  case  layer  at  the  bond  line.  High-magnification 
micrographs  show  a crack  running  almost  parallel  to  the  bond 
line  indicating  the  brittle  nature  of  the  alpha  case  layer. 

In  Figure  b.21,  stainless  steel  powder  inclusions  can  still 
be  observed  in  the  fractured  material.  Some  of  the  stainless 
steel  powder  reacts  with  the  Ti-6A1-4V  material  as  will  be 
shown  in  Section  8.33.  The  low-magnification  micrograph  shows 
the  origin  of  fracture  at  the  hole.  In  Figure  8.22,  SiO^  powder 
inclusions  can  be  observed  in  the  fractured  material.  Trie 
SiO^  powder  reacted  very  little  with  the  surrounding  Ti-6Al-4V. 
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Figure  8.20  SEM  Fractographs  of  Diffusion  Bonded  Specimen 
V5A1  Containing  an  Alpha  Case  Layer 
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Figure  8.21  SEM  Fractcgraphs  of  Diffusion  Bonded  Specimen  W3-A2. 
Containing  Stainless  Steel  Powder  Inclusions 


8.3.2  Optical  Fractography 


The  fracture  surfaces  of  all  axial  fatigue  specimens  were 
examined  after  failure  :ln  order  to  determine  the  origin  of 
these  failures.  These  fracture  surfaces  along  with  fatigue 
lifes  and  defect  amplitude/AA  ratio  as  determined  from  signal 
averaging  results  are  shewn  in  Figures  8.23  through  8.70. 
Failure  origins  have  been  documented  previously  in  the 
tabulated  data  of  Section  7 , 
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Q3A1  2.9  306  KC 


Q3B1  1.9  936  KC 


Q3B3  3.4  2208  KC 


Q3B2  3.5  55  KC 


Q3A3  23.  1437  KC 


Figure  8.27  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  Q3- 
Single  Joint  Diffusion  Bonded  - ASTM  Grain  Size  No.  9 


1931  KC 


Figure  8.30  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  13- 
Single  Joint  Diffusion  Bonded  with  .01"  Dia.  Surface  Void 
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Figure  8.31  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  113- 
Single  Joint  Diffusion  Bonded  with  .02”  Dia.  Surface  Void 
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Figure  8,35  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  M4 
Double-Bond/Single-Axis  Diffusion  Bonded  with  7.5% 
Deformation 
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Figure  8.36  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  N4- 
Double-Bond/Single-Axis  Diffusion  Bonded  with  2.7% 
Deformation 
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Figure  8.39  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  Q4- 
Double -Bond/Single-Axis  Diffusion  Bonded  - ASTM  Grain 
Size  No.  9 
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Figure  8.40  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  R4- 
Double-Bond/Single-Axis  Diffusion  Bonded  - ASTM  Grain 
Size  No.  7.5 
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Mag  10X 

Figure  8.41  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  S4- 
Double-*Bond/Single-Axis  Diffusion  Bonded  with  Multiple 
0.0065"  Dia.  Surface  Voids 
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Figure  8.46  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  X4- 
Double-Bond/Single-Axis  Diffusion  Bonded  with  0.065"  Dia. 
SiOj  Powder  Inclusion 
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Figure  8,49  Fracture  Surfaces  of  Failed  Fatigue  Specimen  Series  N5 
Double-Bond/Two-Axis  Diffusion  Bonded  with  "Less  than 
Optimum"  Deformation 
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Figure  8.50  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  05- 
Pouble -Bond /Two-Axis  Diffusion  Bonded  with  "Much  Less 
than  Optimum"  Deformation 
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Figure  8.51  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  P5 
Double-Bond/Two*Axis  Diffusion  Bonded  with  ASTM  Grain 
Size  No.  10 


Q5B3  8.8  156  KC  Q5B2  1.4  2891  KC 


Figure-  8.52  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  Q5- 
Double-Bond/Two-Axis  Diffusion  Bonded  with  ASTM  Grain 
Size  No.  8 
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Figure  8.53  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  R5- 
Double -Bond /Two-Axis  Diffusion  Bonded  with  ASTM  Grain 
Size  No.  7 
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Figure  8.54  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  S5- 

Double -Bond /Two-Axis  Diffusion  Bonded  with  .005"  Chamfered 
Edge  Void 
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Figure  8.55  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  T5- 

Double-Bond /Two- Axis  Diffusion  Bonded  with  .010”  Chamfered 
Edge  Void 
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Figure  L.56  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  V5- 
Double-Bond/Two-Axis  Diffusion  Bonded  with  Alpha  Case 
Contamination 
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Figure  8.57  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  W5- 
Double-Bond/Two-Axis  Diffusion  Bonded  with  304  S.S. 
Inclusion 
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Figure  8.60  Fracture  Surfaces  cf  Faili 
Multiple  -Bond/3-Axis  Diffi 
Short  Transverse  Befonnat 


Figure  8.61  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  06- 
Hultiple-Bond/3-Axis  Diffusion  Bonded  with  2.2%  Average 
Short  Transverse  Deformation 
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Figure  0,64  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  R6- 
Multiple-Bond/3-Axis  Diffusion  Bonded  with  ASTM  Grain 
Size  No.  7 
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Figure  8.65  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  86- 

Multiple  Bond/3  Axis  Diffusion  Bonded  with  .008"  Tetragonal 
Corner  Void 
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Figure  8.66  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  16- 

Multiple  -Bond/3-Axis  Diffusion  Bonded  with  .018"  Tetragonal 
Corner  Void 


fir 


y 


f 


l 


<? 

r 

'■ 

\ 

\ 


\ 


i 


110  KSI  Mag  10X.  80  KSI 


U6B3  20.  28  KC  U6B2  1.1  2211  KC 

Figure  8.67  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  U6- 

Multiple-Bond/3-Axis  Diffusion  Bonded  with  .030"  Tetragonal 
Corner  Void 
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Figure  8,68  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  V6- 
Multiple-3ond/3“Avis  Diffusion  Bonded  with  Alpha  Case 
Contamination 
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Figure  8.70  Fracture  Surfaces  of  Failed  Fatigue  Specimens  Series  X6 
Multiple-Bond/3-Axis  Diffusion  Bonded  with  Si02  Powder 
Contamination 
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8.3.3  Micros true tural  Analysis  of  Intentional 
Defect-Initiated  Fatigue  Failures 

Photomicrographs  showing  microstructures  surrounding  the 
various  types  of  intentional  defects  in  fracture  fatigue  speci- 
mens are  shown  in  Figures  8.71  through  8.75.  In  Figures  8.71 
and  8.72,  surface  voids  at  the  diffusion  bonded  interface  are 
shown  while  in  Figures  8.73  through  8.75,  surface  contamination 
is  displayed.  In  Figures  8.74  and  8.75,  the  different  effects 
of  stainless  steel  and  Si02  powder  on  the  surrounding  titanium 
can  be  observed.  In  addition,  Figure  8.76  shows  the  results 
of  microprobe  X-ray  analysis  performed  in  the  defect  area  of 
specimen  W3B2(stainless  steel  powder  inclusion).  Distances  of 
diffusion  for  the  elements  involved  along  with  changes  in 
micro structure  around  the  defect  are  dramatically  displayed. 
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Darkfield 


200X 

Etch: 

I Part  HF 

II  Parts  HNO3 
99  Parts  H2O 


Top  photo  was  taken  of  the  fracture  looking  down  into  the  hole. 
Cubic  grain  growth  and  slip  planes  can  be  seen  inside  hole. 
Photomicrograph  shows  that  metallic  growth  has  occurred  from 
diffusion  bonding  temperatures  and  pressures. 


Figure  8.71  Micros true ture  of  Diffusion  Bonded  Ti-6A1-4V 
Specimen  S3B2  Containing  a .0065"  Dia  Electric 
Discharge  Formed  Hole 
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Etch: 

I Part  HF 

II  Parts  HN03 
99  Parts  H2O 
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Although  fatigue  failure  occurred  at  top  of  hole  at  diffusion 
bonded  interface,  a fatigue  ^rack  can  be  seen  to  have  formed 
at  bottom  of  drilled  hole.  Microsection  not  thru  hole  center- 
line. 

Figure  8.72  Microstructure  of  Diffusion  Bonded  Ti-6A1-4V 
Fatigue  Specimen  U3B1  Containing  Drilled 
.020"  Dia.  Void 
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The  defect  resulted  from  filling  an  original  .013"  dia  x >006" 
deep  drilled  hole  with  304S.S.  powder  and  bonding  6 hpurs  at 
1700F  with  5%  deformation.  The  19%  Cr  and  58%  Fe  in  the  304 
diffusing  into  the  Ti-6A1-4V  lowered  the  beta  transus,  allow- 
ing transformation  of  the  equiaxed  alpha  to  beta  at  the  1700F 
bonding  temperature.  On  cooling,  part  of  this  beta  was  re- 
tained (dark  etching  constituent)  adjacent  to  the  coalesced 
304  powders.  The  remainder  of  the  converted  beta  transformed 
to  acicular  alpha  forming  the  .004"  deep  layer  shown  above. 


Figure  8.74  Microstructure  of  Diffusion  Bonded  Ti-6A1-4V 

Specimen  W3B2  Containing  304S.S.  Powder  Defect 
at  the  Bond  Plane 
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A.  View  of  Defect  in  Fatigue 

Failed  Fracture  Surface  (175X) 


B.  S1O2  in  Hole  Reacted  Very 
Slightly  with  Ti  to  Form 
More  Beta  (200X) 
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C.  Overexposed  Photos  Show  Si02  in  Hole  and  on  Mating  Fracture 
Surface  with  Very  Little  Reaction  with  Titanium.  Failure 
Started  at  Diffusion  Bonded  Interface  (100X) 


Figure  8.75  Microstructure  of  Diffusion  Bonded  Ti-6A1-4V 

Specimen  X3A1  Containing  Si02  Powder  in  Drilled 
.013"  Dia.  Hole 


L2 


(uo-powaoo  pyap  ~ 

xo  *aotiaosaaonjj  *uoi’3<Uosqp  ou)  K^jsuasui  aA-ppjay  7" 


9.  LARGE  STRUCTURE  EVALUATION 


In  1968  (Ref.  17),  North  American  Rockwell  was  selected 
as  a subcontractor  to  General  Dynamies/Fort  Worth  to  fabricate 
a demonstration  structure  of  diffusion  bonded  titanium  (6A1- 
4V) . In  order  to  evaluate  the  fabrication  process  thoroughly, 
a structure  was  built  that  included  as  many  facets  of  manu- 
facturing as  could  be  conceived.  The  specific  details  in- 
cluded: 


. Two  hundred  inch  radius  on  bottom  plate; 

. Long  edge  taper  on  that  radius; 

. Both  radius  and  45-degree  fillets; 

. A reinforced  hole; 

. Grid  stiffening. 

The  original  dimensions  of  the  part  are  shown  in  Figure  9.1. 

Two  of  the  above  structures  were  fabricated.  One  was 
sectioned  in  about  50  parts  and  extensively  examined  both 
metallurgically  and  mechanically  (Ref.  18  ) . The  other  struc- 
ture has  been  sectioned  into  5 parts  as  shown  in  Figure  9.2. 
Because  of  the  complexity  of  this  structure,  it  presents  many 
problems  for  nondestructive  evaluation,  and  it  has  never  been 
thoroughly  examined  for  defects. 

The  sections  marked  #1,  #2,  and  #3  were  chosen  for  non- 
destructive evaluation  by  fluorescent  penetrant,  blue-etch- 
anodise,  and  the  advanced  ultrasonic  techniques  developed  in 
this  program. 

9.1  Blue-Etch-Anodize  (BEA)  Inspection 

Three  different  sections  of  a GD/NAR  diffusion  bonded 
structure  were  inspected  by  the  (BEA)  inspection  technique  to 
determine  possible  surface  connected  segregation  or  bondline 
discontinuities.  The  inspection  procedure  was  the  same  as 
that  described  in  Section  6.2.1,  except  that  the  surfaces 
were  not  milled  prior  to  inspection. 
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Figure  9.2  Sectioning  and  numbering  Diagram 
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9.1.1  Inspection  Results 

Part  £1  - Several  dark  blue  areas  were  detected  in  this 
part.  Most  of  these  areas  can  be  seen  in  Figure  9.3.  These 
segregated  areas  could  be  due  to  either  tooling  reactions  with 
the  titanium  or  air  contamination.  No  dark  blue  lines  which 
would  be  associated  with  bondlines  were  detected. 
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Part  #2  - Several  dark  blue  areas  were  detected.  Most  of 
the  dark  blue  areas  found  were  associated  with  fillets  located 
close  to  the  thin  wall  in  the  middle  of  the  specimen.  One  of 
the  most  pronounced  dark  blue  areas  is  shown  in  Figure  9.4. 

Part  #3  - Several  dark  blue  areas  were  detected.  However, 
only  one  dark  blue  line  was  observed  which  seemed  to  be  re- 
lated to  a bondline  or  fillet.  This  line  is  shown  in  Figure 
9.5. 


9.1.2  Verification  of  Defects 

One  of  the  areas  on  Part  #1  (Location  1,  Figure  9.3) 
having  a darker  blue  color  relative  to  the  rest  of  the  part 
was  analyzed  using  X-ray  diffraction  and  hardness  measurements. 
X-ray  diffraction  results  showed  the  alpha  titanium  phase  pri- 
marily present  with  an  expanded  lattice  constant  C.  This  is 
indicative  of  interstitials  dissolved  in  the  alpha  titanium 
structure.  Hardness  readings  on  this  same  sample  gave  a value 
of  Rc  « 38.3  as  compared  to  the  average  parent  material  value 
of  Rc  = 33.5,  again  indicative  of  interstitial  contamination. 

A section  from  another  portion  of  Part  #1  (Location  2, 
Figure  9.3)  containing  a blue  area  was  sectioned  and  photo- 
graphed. This  area  is  shown  in  Figure  9.6.  This  area  was 
found  to  contain  a contaminated  surface  layer. 

9 . 2  Fluorescent  Penetrant  Inspection 

The  procedure  used  for  inspection  of  the  three  GD/NAR 
diffusion  bonded  parts  was  the  same  as  described  previously 
in  Sac  cion  6.2.2  specimens  <■  However,  the  diffusion  bonded 
parts  received  no  surface  treatment  prior  to  inspection. 

9.2.1  Inspection  Results 

Part  #1  - No  flaw  indications  wer°  found  in  this  part. 
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Figure  9.3  Blue  Etch-Anodize  Record  of  Part  #1  Showing  Surface-Connected 
Segregation 
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Figure  9.6  Photomicrograph  of  Contaminated  Surface 
Layer  in  Part  #1  (80X) 
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Part  #2  - A small  flaw  Indication  was  detected  in  a 
fillet  area  close  to  the  thin  wall  in  the  middle  of  the  speci- 
men fsee  Figure  9.7).  This  flaw  indication  was  sufficiently 
small  that  no  further  diagnostics  were  attempted. 

Part  #3  - Two  major  flaw  indications  were  found  in  this 
part.  They  are  shown  in  Figure  9.8. 

9.2.2  Verification  of  Defects 

The  corner  section  of  Part  #3  which  included  the  defects 
shown  in  Figure  9.8  was  sectioned  such  that  the  flaws  could 
be  inspected  more  closely.  The  corner  was  then  etched.  The 
crack  as  detected  is  shown  in  Figure  9.9. 

9.3  Ultrasonic  Inspection 

Part  #1  (Figure  9.3)  \ *s  selected  for  inspection  by 
optimized  Delta-Scan,  variable  tilt/multiple  scan  pulse-echo 
and  contact  signal  averaged  pulse  echo.  Three  reference 
defects  were  fabricated  in  the  fillet  area  of  an  upstanding 
stiffener.  The  reference  flaws  were  (a)  flat  bottom  holes 
(FBH)  of  3/64-in.  and  5/64-in.  dia.  and  (b)  3/64-in.  diameter 
drilled  hole  with  unintentional  metallic  inclusion  (drill 
tip)  . 


The  holes  were  fabricated  30°  off-vertical  and  0.18  in. 
deep  per  Figure  9.10. 

9.3.1  Delta-Scan 

The  C-scan  system  with  a 5 MHz  Delta-Scan  head  as  de- 
scribed in  Section  6.2.3  was  utilized.  Operating  parameter 
optimization  on  the  5/64-in.  FBH  resulted  in  a transducer- 
transducer  distance  of  separation  of  0.55  in.  and  a transducer- 
to-specimen  distance  of  0.5  in.  The  diffusion  bonded  struc- 
ture was  oriented  smooth  side  up  (rib  side  down)  with  the 
stiffeners  parallel  to  the  X-Y  coordinates  of  the  scanner. 
Signal  level  was  set  at  50%  of  the  response  from  the  5/64-in, 
FBH.  Two  scans  were  made  with  the  structure  rotated  90° 
between  scans.  This  was  done  to  obtain  perpendicular  and 
parallel  alignment  of  the  Delta-Scan  head  with  each  rib.  The 
scan  records  are  given  in  Figures  9.11  and  9.12.  Rib  locations 
and  thereby  diffusion  bond  areas  ace  shown  by  the  dotted  lines. 
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Reference  Holes 


The  linear  indications  aligned  with  the  ribs  are  returns 
from  the  fillet  radii.  Indications  in  the  bond  areas  will  be 
correlated  with  the  results  of  the  other  modes  of  ultrasonic 
inspection  described  in  the  next  sections. 

9,3.2  Variable  Tilt-Mu1  Ip le  Scan 

The  AFML  Computer-Automated  Ultrasonic  Inspection  System 
described  in  Section  4.2  was  used  to  evaluate  Part  #1  from  the 
large  diffusion  bonded  structure.  The  part  was  oriented  with 
respect  to  the  X,  Y,  and  Tilt  axes  of  the  scanner,  as  shown  in 
Figure  9.13. 

Inspection  was  carried  out  at  10  MHz  using  a Panametrics 
Model  A311,  lu/0.5I  S/N  998  transducer  (flat-faced).  Signal 
level  was  set  at  30%  of  screen  saturation  using  the  maximized 
response  from  the  inclined  5/64  FBH.  This  maximized  response 
occurred  at  a transducer  tilt  angle  of  -8°.  This  value  agrees 
with  Snell's  Law  for  a water-titanium  system  and  a reflecting 
surface  within  the  titanium  whose  normal  is  inclined  at  30°  to 
the  vertical. 

A preliminary  set  of  scans  was  made  over  the  reference 
holes  at  tilt  angles  of  -8°  to  +8°  in  2°  increments.  The  hole 
indications  were  distinct  and  separate  at  0 = -8°,  but  became 
less  so  at  0 = -6°  (see  Figure  9.14).  The  flaw  depth  data 
were  called  from  the  computer  disc  storage  file  to  interpret 
the  indications  at  0 = -6°. 

Table  9.1  presents  these  data  which  indicate  that  signals 
from  outside  the  FBH  location  were  returned  from  a depth  corre- 
sponding to  the  fillet  radius  between  the  rib  and  plate.  This 
ability  to  discriminate  between  legitimate  and  extraneous  indi- 
cations based  on  the  data  in  disc  memory  is  clearly  a valuable 
feature  of  the  AFML  Computer-Automated  Inspection  System. 

The  scan  records  at  -2°  and  0°  (Figure  9.15)  Indicate 
the  presence  of  the  3/64- in.  dia.  drilled  hole  between  the  two 
flat-bottom  holes  which  do  not  appear.  This  re-emphasizes  that 
conventional  C-scan  (0  = 0°)  is  inadequate  for  inspecting  dis- 
placed and  angularized  bond  planes. 

The  remaining  scans  from  +2°  to  +8°  contained  no  relevant 
indications  and  are  not  included  for  brevity. 
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Table  9.1  Reflection  Mode  Data  Report 


reflection  ncoe  data  report  io-jun-?4  wwsr  pme  3 


x 

2.89 

2.89 

2.89 

2.89 

2.89 

2.89 

2.39 

2.89 

2.69 

2.89 

2.89 

2.89 

2.89 

2.89 

2.89 

2.89 

2.89 

3.29 

3.29 

3.29 

3.29 

3.29 

3.23 

3.29 

3.29 

3.29 

3.2S 

3.2S 

3.29 


Y 

2 

ROTATE 

2.50 

0.00 

0.0 

2.58 

0.00 

8.0 

2 50 

0.00 

0.8 

2.51 

8.80 

0.0 

2.31 

0.88 

0.0 

2.31 

0.80 

0.0 

2.51 

0.00 

0.0 

2.51 

0.00 

0.0 

2.52 

0.80 

0.0 

2.52 

8 83 

0.0 

2.52 

8.  CO 

8.8 

2.52 

0.80 

0.8 

2.52 

0.80 

0.0 

2.33 

0.83 

8.0 

2.33 

0.60 

0.0 

2.33 

0.C3 

0.0 

2.53 

0.83 

0.0 

2.49 

0.80 

0.8 

2.49 

0.63 

0.0 

2.49 

0.83 

0.0 

2.49 

6.80 

6.0 

2.38 

0.80 

0.0 

2.59 

8.83 

3.0 

2.59 

0 83 

0.0 

2.39 

0 C3 

0.8 

2.58 

e.ee 

0.0 

2.51 

9. 60 

0.6 

2.31 

0.00 

0.0 

2. Si 

0.60 

0.0 

TILT 
-5.8 
-5.8 
-5.8 
-3.0 
-5.8 
-5.8 
-3.8 
-*.8 
-5  8 
-3.8 
-5.8 
-5.8 
-5.8 
-3.8 
-5.8 
-5.8 
-5.8 
-5.8 
-5.8 
-5.8 
-5.8 
-5.8 
-5.8 
-5.8 
-5.8 
-5.8 
-5.8 
-5.8 
-5.8 


THICK 

19.54 

19.51 

19.53 

19.51 

19.58 

19.93 

19.51 

19.93 

19.53 

19.68 

19.93 

19.53 

19.53 

19.91 
19.31 
19.51 

19.92 

19.51 
19.7*0 
19.58 

19.52 
19.52 
19.66 

19.93 

19.51 

19.52 

19.53 
19.66 
19.95 


FLU  OR 
8.44 
8.43 
8.43 
0.43 
0.43 
8.43 
0.43 
8.43 
0.43 
0.43 
0.42 

8.42 

8.43 
8.43 
9.42 
8.41 
0.41 
0.59 
0.59 
0.59 
0.59 
0.59 
0.68 
8.60 
0.59 

9.59 

8.59 
8.59 
0.59 
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Inspection  of  the  entire  Part  #1  was  done  at  (a)  tilt 
angles  of  -8°  to  +8°  in  2°  increments,  0°  rotate  angle,  i.e„, 
the  transducer  tilted  about  the  scanner  X-axis  and  (b)  tilt 
angles  of  -8°  to  +8°  in  2°  increments,  -90°  rotate  angle,  i.e., 
the  transducer  tilted  about  the  scanner  Y-axis.  This  is 
equivalent  to  a 17-transducer  array. 

Selected  scan  records  are  given  in  Figure  9.16  through 
9.18,  As  before,  the  -8°  tilt,  0°  rotate  record  shows  the 
reference  holes,  while  the  0°  tilt  record  does  not. 

Interpretation  of  the  scan  records  for  defect  verifica- 
tion was  accomplished  by  (a)  spatial  discrimination  in  the  X-Y 
plane,  (b)  flaw  depth  vs.  part  thickness,  and  (c)  frequency  of 
occurrence  as  a function  of  tilt  angle.  A further  check  was 
correlation  with  the  Delta/C-Scan  records. 

A site  for  sectioning  and  defect  verification,  based  on 
these  criteria,  was  a rib  intersection  located  at  X = 8.3  in., 
Y = 4.8  in. 


9.3.3  Contact  Signal -Averaged  Pulse-Echo 

The  signal -averaging  system  described  in  Section  4.1  was 
utilized  to  selectively  evaluate  areas  on  Part  #1  identified 
as  potential  defect  sites  by  the  previous  two  inspection  tech- 
niques. 

Inspection  was  done  at  10  MHz  from  the  rib  side  with  the 
gate  set  to  include  the  rib-plate  diffusion  bond  plane.  Figures 
9.19  and  9.20  are  typical  records  which  correspond  to  locations 

X = 5.5  in.,  Y = 4.6  in.,  and  X = 1.1  in.,  Y * 1.5  in.  per  Fig- 
ure 9.17.  Correspondence  of  flaw  indications  from  all  three 

ultrasonic  techniques  was  obtained  at  the  location  X = 8.3  in., 

Y = 4.8  in.  This  location  was  therefore  selected  for  defect 
verification. 

9.3.4  Defect  Verification 

Part  #1  was  sectioned  at  location  X = 8.3  in.,  Y = 4.8  in. 
Two  sections  1/8-in,  apart  in  the  Y -Z  plane  were  polished  and 
etched.  Figure  9.21  shows  the  sections  related  to  Part  #1 
and  the  corresponding  micro structural  features.  Connected 
grain  boundaries  generally  perpendicular  to  the  Z-axis  are 
visible  in  Section  A . Section  B in  Figure  9.21  exhibited 
a clearly  defined  elliptic  area  with  major  and  minor  axis  di- 
mensions of  0.24  in.  and  0.15  in.,  respectively. 
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Figure  9.19  Signal -Averaged  Pulse-Echo  Record  (X 
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Figure  9.21  Photomicrographs  of  Micros tructural  Anomalies  in  Bond 
Plane  of  Part  #1  at  X = 8.3  in.,  Y ■ 4.8  in. 
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The  results  of  microhardness  traverses  across  the  ellip- 
tic area  are  given  in  Figure  9.22.  A maximum  point-to-point 
difference  of  over  200  Knoop  Hardness  numbers  was  observed. 

This  ranged  from  452  KHN  (Rockwell  C44)  in  an  alpha  case  area 
to  235  KHN  ( Rockwell  C20)  in  the  elliptic  area.  Hardness  in 
the  parent  material  is  335  KHN  (Rockwell  C33) . 

While  hardness  in  titanium  alloys  is  more  difficult  to  re- 
late to  tensile  strength  than  in  steel  alloys,  the  observed 
difference  in  ultrasonic  response  implies  a difference  in  acoustic 
impedance  and  ultimately  elastic  modulus. 
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10.  CONCLUSIONS  AND  RECOMMENDATIONS 


The  results  reported  herein  allow  the  following  conclu- 
sions : 

1.  The  inspection  system';  developed  in  this  study 
generated  and  processed  a large  mass  of  data  to 
obtain  increased  sensitivity  to  small  c.  randomly- 
oriented  defects.  Future  efforts  must  reduce  and 
interpret  these  data  before  display  to  a greater 
degree  than  accomplished  heretofor  in  order  to 
make  production  line  accept /reject  decision  making 
feasible. 

2.  The  AFML  Computer  Automated  Inspection  system  can 
operate  efficiently  in  the  variable  tilt  mode  at 
transducer  tilt  angles  up  to  10°  off  vertical.  The 
use  of  variahle  transducer  tilt  is  very  desirable 
for  inspections  of  displaced  and  angularized  bond 
planes . 

3.  Acoustic  Emission  Monitoring  can  detect  flaws, 
debonding  and  inclusions  before  failure  and  tv- 
some  extent  before  reaching  the  yield  point. 

4.  Attenuation  measurements  verify  that  the  bonding 
cycle  effectively  eliminates  differences  in 
texture.  Crain  size  variations  and  the  amount  of 
beta  processing  are  readily  detectable  by  attenua- 
tion measurements  indicating  the  potential  for 
identifying  localized  changes  in  grain  structure 
due  tr  excessive  temperature  or  contaminants. 

5.  The  Blue  Etch-Anodize  process  in  especially  effective 
in  detecting  alpha  case  layers  in  diffusion  bond 
planes.  Alpha  case  specimens  exhibited  lower 
reduction  of  area  in  tension  , od  generally  poorer 
fatigue  life. 

6.  Fluorescent  penetrant  was  effective  only  for 
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extremely  low  deformation  across  a bond  plane 
resulting  in  a surface-connected  deficiency. 

7.  Optimised  Delta/C-scan  proved  effective  for 
inspecting  bond  planes  in  thin  sections  (e.g., 

1"  thick)  and  for  evaluation  of  displaced  and 
angularized  bond  planes.  Defects  in  the  form 
of  voids,  silica  and  stainless  steel  (inclusions 
with  major  dimensions  of  .010"  and  greater  were 
detected  by  this  technique. 

8.  Signal-Averaged  Pulse-Echo  measureme,;  :s  as 
accomplished  by  cne  system  developed  ■ or^in 
provided  an  increase  in  low  level  detv  ct  signal 
detection  by  collecting  and  processing  24  times 
the  data  per  p :iat  as  conventional  pulse  echo 
techniques.  The  increase  in  defect-signal-to- 
grain  noise  ratio  does  not  approach  the  theoreti- 
cal value  from  random  noise  theory  since  the 
variation  of  grain  noise  with  t.  snsducer  rotation 
was  found  to  be  non-random  and  in  fact  a relatively 
smooth  function. 

The  arithmetic  average  of  grain  structure  noise 
waveforms  can  be  used  to  effeci  ively  normalize 
defect  signal  amplitudes  for  correlation  with 
tensile  and  fatigue  properties. 

The  work  reported  herein  suggests  fruitful  areas  for 
further  investigation  and  immediate  applications  as 
recommended  below: 

1.  The  use  of  _!tatistical  functions  affected  by 
phase  rather  than  amplitude  should  be  pursued 
for  defect  discrimination  (e.g.,  cross  correla- 
tion) . 

2.  The  data  generated  in  this  effort  on  defect 
size  type  and  biometry  should  be  further 
analyzed  from  tne  view  point  of  the  effect  of 
defects  on  fatigue  life.  This  would  be  an 
important  step  in  defining  defect  acceptability 
1 lits 

3.  Blue  etch-anodize  should  be  included  as  a 
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diffusion  bond  inspection  requirement. 

4.  Greater  emphasis  must  be  placed  on  computer 
algorithms  for  ultrasonic  data  processing, 
interpretation  and  decision  making  as  opposed 
to  display  of  minimally  processed  data  and 
subsequent  operator  interpretations. 

5.  Evaluation  of  real  diffusion  bonded  scructures 
should  use  correlation  between  ultrasonic 
techniques  like  those  reported  here  as  a means 
of  defect  discrimination, 
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APPENDIX  A 


Material  Characterization 


The  material  for  this  program  is  Ti  6A14-V  Plate  obtained 
from  the  RMI  Company,  Niles,  Ohio,  to  North  American  Rockwell 
Specification  ST0170LB0032  Rev.  E Cond.  A (annealed),  Plate 
sizes  are  1 x 40  x 90-in,  and  % x 40  x 90-in.  The  producers' 
chemistry  and  tensile  properties  (verified  at  General  Dynamics) 
are  given  in  Table  A-l. 


Table  A-  l 

Ti  6A1-4V  PLATE  CHEMISTRY  AND  PROPERTIES 


Ingot  Number 

890225 
(%  in.) 

890284 
(1  in.) 

Chemistry 

C% 

0.01 

0,02 

N 

0.009 

0.008 

Fe 

0.17 

0.19 

Al 

6.1 

6.0 

V 

4.0 

4.0 

0 

0.117 

0.115 

H (ppm) 

80 

121 

Properties 

Ultimate  (KSI) 

L 

141.9 

140.3 

T 

138.0 

138.0 

Yield  (KSI) 

(0.2%)  Offset 

L 

132.5 

131.3 

T 

130.0 

129,5 

% Elongation 

. L L ■ ^ 

L 

15.0 

14.0 

T 

15.0 

14.0 

The  titanium  plate  material  was  ultrasonically  C-scanned  to 
Class  A specifications  at  both  the  producer  and  General  Dynamics 
facilities. 

Microstructural  features  of  the  %-in.  and  1-in.  plates  are 
given  in  Figures  A.l  through  A. 9.  The  %-in.  plate  exhibits  more 
nearly  equi-axed  grain  structure  than  .e  1-in.  plate. 


i 


348 


imri — i * - 


1«-»>v*'‘  v»w  'p- V.’"  ■* 


* 

-V 


RMI  MATERIAL 
H.T.  890204-02-lA 
SURFACE  OF  MATERIAL 
AS -RECEIVED 
100X  MAG 


RMI  MATERIAL 

H. T.  890204-02-lA 
CENTER  OF  MATERIAL 
AS -RECEIVED 

I. 00X  MAG 


Figure  A.  1 


Photomicrographs  of  1-inch  Ti  6A1-4V  Plate,  Annealed 
(RMI  Photos) 
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RMI  MATERIAL 
H.T.  890225-03-1A 
SURFACE  OF  MATERIAL 
AS -RECEIVED 
I00X  MAG 


RMI  MATERIAL 
H.T.  890225-03-1A 
CENTER  OF  MATERIAL 
AS -RECEIVED 
I00X  MAG 


Figure  A. 2 Photomicrographs  of  i>-inch  Ti  6A1-4V  Plate,  Annealed 
(RMI  Photos) 
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mi  MATERIAL 
H.T.  890204-02- 1A 
SURFACE  OF  CENTER  SEC- 
TION OF  MATERIAL 
AS -RECEIVED 
100X  MAG 


RMI  MATERIAL 
H.T.  890204-02-1A 
SURFACE  OF  CENTER  SEC- 
TION OF  MATERIAL 
AS -RECEIVED 
500X  MAG 


Figure  A . 3 


Photomicrographs  of  Outer  Edge  Surface  of  %-inch  Ti 
6A1-4V  Plate,  Annealed  (CAD  Process  Control  Photos) 
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RHI  MATERIAL 
H.T.  890204-02-1A 
SURFACE  OF  END  SECTION 
OF  MATERIAL 
AS-RECEIVED 
100X  MAG 


RMI  MATERIAL 
H.T.  890204-02-LA 
SURFACE  OF  END  SECTION 
OF  MATERIAL 
AS-RECEIVED 
500X  MAG 


Figure  A. 4 Photomicrographs  of  Central  Surface  of  %-inch  Ti  6A1-4V 
Plate,  Annealed  (CAD  Process  Control  Photos) 
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RMI  MATERIAL 
H.T.  890204-02-LA 
CENTER  OF  MATERIAL 
AS -RECEIVED 
100X  MAG 
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RMI  MATERIAL 
H.T.  890204-02-lA 
CENTER  OF  MATERIAL 
AS-RECEIVED 
500X  MAG 


Figure  A. 5 Photomicrographs  of  Central  Interior  of  1/2-inch  Ti  6A1 
4V  Plate,  Anneal.*!  (CA!)  Process  Control  Photos) 


RMI  MATERIAL 
H.T.  890204-02- 1A 
SURFACE  OF  MATERIAL 
AS-RECEIVED 
100X  MAG 


RMI  MATERIAL 
H.T.  890204-02-IA 
SURFACE  OF  MATERIAL 
AS -RECEIVED 
500X  MAG 


Figure  A. 6 Photomicrographs  of  Surface  of  1-inch  Ti  6A1-4V  Plato, 
Annealed,  Longitudinal  Direction  (CAD  Process  Control 
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RMI  MATERIAL 
H.T.  890204-02-1A 
SURFACE  OF  MATERIAL 
AS -RECEIVED 
100X  MAG 


RMI  MATERIAL 
H.T.  890204-02-1A 
SURFACE  OF  MATERIAL 
AS -RECEIVED 
500X  MAG 


Figure  A. 7 Photomicrographs  of  Surface  of  1-inch  Ti  6A1-4V  Plate, 

Annealed,  Longitudinal  Transverse  Direction  (CAD  Process 
Control  Photos) 
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RMI  MATERIAL 
H.T.  8S0204-02-1A 
CENTER  OF  MATERIAL 
AS-RECEIVED 
100X  MAG 


RMI  MATERIAL 
H.T,  890204-02-lA 
CENTER  OF  MATERIAL 
AS -RECEIVED 
500X  MAG 


Figure  A. 8 Photomicrographs  of  Center  of  1-inch  Ti  6A1-4V  Plate, 

Annealed,  Longitudinal  Transverse  Direction  (CAD  Process 
Control  Photos) 
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APPENDIX  B 


BLUE  ETCH-ANODIZE  PROCEDURE* 


Parts  must  be  free  of  cleaning  or  buffing  compounds  and 
other  foreign  materials.  Proper  anodizing  requires  that  the 
current  fall  to  zero  after  the  initial  surge  that  takes  place 
upon  the  application  of  the  30  v.  Continued  amperage  indicates 
foreign  material  or  unmasked  protective  coatings  on  the  part 
and/or  exposed  metal  other  than  titanium  on  the  processing 
fixture.  Any  of  these  faults  will  result  in  an  unsatisfactory 
blue  color  and  a poor  color  contrast  between  normal  material 
and  the  segregation. 

All  steel  parts  of  anodizing  fixtures  should  be  masked 
with  a hard  permanent  material,  such  as  Microsol  E1003.  All 
identification  markings  must  be  masked  with  plastic  tape  to 
assure  their  retention.- 

The  test  comprises  15  steps,  as  follows: 

1.  Vapor  degrease  part. 

2.  Immerse  part  in  heavy-duty  alkali  cleaner  for  1 to  2 min. 
at  120  to  180  F. 

3.  Rinse  part  in  clean  cold  water,  and  inspect  for  water 
breaks.  Repeat  cleaning  and  rinsing  until  part  is  clean. 

4.  Hang  part  on  titanium  alloy  hook  and  immerse  in  agitated 
solution  of  a dry  acid  salt,  such  as  MscDermid  Met ex  Acid 
Salt  M-629  (1C-  oz  per  gal),  at  room  temperature  for  1.5 
min.  Agitate  part  upon  immersion. 

5.  Rinse  etched  part  thoroughly  in  clean  cold  water,  removing 
loosely  adhering  smut  by  pressure  spraying  (compressed  air- 
water)  . 

6.  Attach  anodizing  fixture  to  part  as  quickly  as  possible 
with  a minimum  of  handling. 

7.  Rinse  fixtured  part  in  clean  cold  water. 

8.  lamer se  fixtured  part  in  a 15  gz.  per  gal.  solution  of 
trisodium  phosphate  at  70  + 10°F,  agitating  part  upon 
immersion.  Anodize  at  30  v for  30  sec.,  being  sure  not 

to  turn  on  the  current  until  the  part  is  completely  immersed. 


* Procedure  as  outlined  in  Reference  11 
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Do  not  agitate  fixtured  paxt  during  anodizing. 

9.  Remove  fixtured  part  and  rinse  in  clean  water. 

1C.  Detach  part  from  anodizing  fixture,  attach  to  a titanium 
alloy  hook,  and  rinse  in  clean  cold  water.  Avoid 
unnecessary  handling. 

11.  Immerse  part  in  aqueous  nitric -hydrofluoric  acid  solution. 
Use  35%  (by  volume)  technical  grade  nitric  acid  and  2.5% 

(by  volume)  technical  grade  hydrofluoric  acid.  The  pur- 
pose of  this  step  is  to  remove  most  of  the  blue  color  from 
the  background  to  develop  maximum  color  contrast  between 
the  segregation  and  the  background.  Immersion  periods: 
Ti-6A1-4V,  2 to  10  sec.;  Ti-8Al-lV-Mo,  15  to  25  sec.;  and 
Ti-6Al-2Sn-4Zr-2Mo,  10  to  20  sec. 

12.  Remove  part  from  acid,  immerse  in  clean  cold  water  as 
rapidly  as  possible  and  rinse  thoroughly. 

13.  Rinse  in  hot  water  (190  to  210°F). 

14.  Blow  dry  with  clean  compressed  air. 

15.  Inspect. 

Processing  tanks  may  be  unlined,  except  for  the  two  acid 
tanks  which  must  be  lined  with  rigid  PVC  or  its  equivalent. 

We  recommend  temperature  indicators  for  the  alkali  cleaner, 
anodizing  and  hot  water  tanks.  Mechanical  stirrers  are  required 
in  the  alkali  cleaner,  both  acid  tanks  and  the  anodizing  tank. 
The  rinse  tank  adjacent  to  the  dry  acid  salt  tank  must  have 
pressure  spraying  equipment,  and  timers  are  used  on  both  acid 
tanks  and  the  anodizing  tank. 

The  rectifier  must  be  rated  at  a maximum  of  6%  ripple  at 
30  v,  no  load.  It  should  also  allow  the  voltage  to  be  raised 
to  30  v rapidly  (1  to  3 sec.),  preferably  with  automatic 
control.  Finally,  the  rectifier  should  have  a time-actuated 
switch  which  will  cut  out  a 1.2  ohm  resistor  (installed  in 
series  with  the  load)  after  3 sec.  This  resistor  limits  the 
initial  surge  of  current,  reducing  chances  of  arcing. 
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